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Abstract 
Abstract 
This thesis describes the measurement and modelling of the fire reaction and resistance 
properties of fibre glass polyester and vinyl ester composite laminates. 
A new small-scale loading frame was designed and fabricated to apply tensile and 
compressive stresses in a cone calorimeter under a constant heat flux of 75 kW/m2. It 
was found, for the first time, that stress has a small but significant effect on the fire 
reaction properties. Increasing tensile stress increased heat release rate and smoke 
production, while shortening the time-to-ignition. Compressive stress had the reverse 
effect. This was attributed to the fact that tensile stress promotes the formation of matrix 
microcracks, facilitating the evolution of flammable volatiles. This hypothesis is further 
supported by the observation that stress has the greatest effect on the early heat and 
smoke release peaks, with a lower effect on the final `run-out' values. 
Another new small scale testing rig was developed along with a calibrated conical 
radiant heater, which resembles the cone calorimeter's heater, to allow testing composite 
laminates at high tensile and compressive stresses. Stress rupture (time-to-failure) curves 
were produced. It was shown that, in tension, the behaviour was fibre dominated, with 
failure times roughly ten times those in compression. Compressive failure involved resin 
dominated local fibre kinking initiated near the cold face and was controlled by the 
matrix glass transition temperature. 
The existing thermal model was upgraded to include the mass flux effect into the net 
total energy on the hot face of the composite laminate at flashover. This novel approach 
has resulted in very good predictions of the most important fire reaction properties 
obtained from the cone calorimeter such as time-to-ignition, mass loss rate, heat release 
rate and flame-out time. In addition, the predicted temperature and resin content profiles 
combined with the temperature dependent properties values were used to model the 
failure times by applying a suitable empirical relationship. Good agreement was found. 
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Chapter 1 Introduction 
Fibre reinforced polymers have been used in last few decades in various applications. 
They are used in many building, offshore platforms, transport and other infrastructure 
applications, both as light weight structural and non-structural components owing to 
their long term cost effectiveness, low thermal expansion, corrosion and chemical 
resistance, and high specific strength (tensile strength/density). 
Despite the fact that composites will not replace the most used engineering materials like 
steel and aluminium alloys due to their anisotropic properties and poor impact damage 
tolerance, they pose a main challenge for these materials in many applications like 
aircraft, boat building, bridges, civil infrastructure and chemical industry. The driving 
force for the research in composite materials is to improve their structural performance, 
and reduce their total cost. 
An inbuilt problem with composite materials is their poor performance in fire. This 
behaviour is related to the combustibility of their organic matrix and the connected risk 
from fire [1,2]. Polyester, vinyl ester and epoxies are the most often used resins in 
structural applications. These polymers loose much of their stiffness and strength when 
they reach the glass transition temperature, which often lies in the range of 80 to 150°C. 
Higher temperatures, typically in excess of 400°C, result in decomposition and produce 
products that may burn. These products release heat, which contributes to fire growth. In 
addition, smoke and toxic fumes may be released, limiting visibility, hindering escape 
and thus constituting a further hazard and making fire-fighting a difficult task [3]. Also, 
this behaviour has led to concerns about the structural integrity of composite materials 
and the reduction in mechanical properties during and after fire. 
Although the use of composites in applications where fire can occur, such as in aircraft 
cabins, ships, offshore drilling platforms, marine applications and transportation, is 
seriously affected by this behaviour, research has shown that polymer composite 
materials have good properties such as slow burn-through and excellent thermal 
insulation [4-6]. These properties take place as a result of the low thermal conductivity 
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and diffusivity of composites, the low thermal conductivity of the residual glass 
depleted of resin, the endothermic effect of the matrix decomposition, and the 
convectional cooling flow of volatiles towards the hot face. The heat absorption in the 
enothermic pyrolysis of the polymeric matrix can be considered as the most important 
factor contributing to composites integrity in fire. 
In addition to these inherited properties, different methods have been shown to improve 
composites fire properties either by chemical modification of the polymer chains 
(reactive flame retardants) or by using additives [7]. The use of halogenated resins 
instead of the traditional resins can delay ignition [3,8], but this can result in the 
possible production of toxic and corrosive smoke. Also, the addition of phosphorous 
promotes char formation [3]: the char holds the fire damaged laminates together, keeps 
the oxygen and heat away from resin, reduces the amount of volatile fumes and reduces 
decomposition endotherm. However, it can result in increased carbon monoxide levels at 
long times. Furthermore, the addition of alumina trihydrate (ATH) improves the fire 
performance [3,9] and can mitigate the response of composites to fire: ATH 
decomposes at temperatures in the range of (200-400°C) producing water which 
provides an intumescing effect and blanket against oxygen, and the decomposition 
process itself is endothermic. Research demonstrated that the addition of ATH at a 
concentration of 60 parts per 100 parts of polyester resin almost doubled the time-to- 
ignition, reduced heat release rate to 50%, and cut smoke production by 25% [8]. 
Another strategy is to use polymers with high main chain aromatic content or phenolics 
[10]; they generally have longer ignition times, lower heat release rates and lower toxic 
products than the styrene based resins and a higher proportion of the resin remains as a 
carbonaceous char. The fire performance of composites can be improved further through 
surface modifications by using paints, gelcoats and intumescent paints [3] or by the use 
of very light weight protection layers. 
The limitation of most of these methods is that the improvement to one fire property, 
such as ignitability, is usually accompanied by adverse effects to others such as toxic 
product generation, processability, appearance and mechanical properties [3,11]. 
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There is another issue related to the assessment of the organic matrix combustibility. 
which is normally carried out by a number of qualification tests. This assessment 
includes effects on ignitability, heat release, and production of smoke and toxic products 
(fire reaction properties). Also these tests are utilized to investigate the effects of heat 
flux and load on the thermal and mechanical integrity of composite structures (fire 
resistance properties). Fire resistance tests are generally larger in scale than fire reaction 
tests, and they are often required to characterise the performance over longer periods of 
time, often an hour or more, sometimes under load. Useful information, however, can be 
gained from the results of testing composites after fire exposure [1,2,12,13]. The high 
cost of fire resistance tests is an important issue because they are usually used to qualify 
finished products in a large scale such as BS 476 [14]. This issue restricts industry to 
invest in product development research in order to find root solutions at early stages of 
design and material selection. 
Recently it has been suggested, by a number of workers [13,15-21] that fundamental 
information about fire resistance can be gained from relatively low cost, small-scale tests 
on samples under constant load, subject to constant one sided heat flux. Validating these 
tests with mathematical thermal and mechanical modelling may be sufficient to replace 
more expensive test methods. 
A large amount of research has been performed to investigate and classify the 
flammability properties and structural behaviour of composites in fire, for example [5, 
1 1,13,15,19,22-36]. It has been found possible to generate `stress rupture' curves (i. e. 
curves relating the applied stress to the time-to-failure) for structures in fire, similar to 
the relationships more commonly employed for other types of environmental exposure, 
albeit with a shorter time scale. 
Hitherto it has been assumed that thermal and mechanical effects on composites are 
separable. In other words, if the temperature and decomposition history of the material 
can be modelled using, say the Henderson Equation [4,6] approach, and if properties 
can be modelled as a function of temperature and decomposition, then it should be 
possible to model the behaviour of the structure by summing, in an appropriate fashion, 
A. E. Elnnighrabi 9 
Ph, D. Thesis 
Chapter 1 Introduction 
the contribution of its parts. This assumption is equivalent to regarding the fire reaction 
behaviour of a structure as independent of the presence of stress. To date, however. 
there have been no reports on the effect of the applied stress on the fire reaction 
properties. 
The work presented here allows the testing of composite laminate samples in a modified 
cone calorimeter under tensile and compressive loading, with the aim of measuring the 
effect of stress on fire reaction properties. Also, it shows the testing of small scale 
composite laminates under high loads using a specially designed apparatus under a fume 
extractor, with a calibrated conical radiant heater producing a constant heat flux. 
The main objectives of this research are: 
  To validate the newly developed loading rig that has been fitted to the cone 
calorimeter to test composite laminates in tension or compression. 
  To study the effect of the tensile and compressive loads on fire reaction 
properties of glass reinforced polyester and vinyl ester laminates. 
  To test small scale glass reinforced polyester and vinyl ester samples under high 
loads and constant calibrated radiant heat flux using a higher load testing rig. 
  To model the most important fire reaction and fire resistance properties. 
In this thesis, the literature is reviewed in chapter 2. This includes: a general view of 
composite materials and their constituents, the fire damage of composite materials, their 
fire performance on the basis of fire reaction and resistance properties, the effect of high 
temperature on the mechanical behaviour of composites, and the development of thermal 
and mechanical models to predict the behaviour of fibre reinforced composites in fire. 
Chapter 3 describes the cone calorimeter, its components and working principle, the 
newly developed small-scale loading rig, the materials used in the research and the 
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determination of the volume fraction, the kinetic parameters, and the higher loads 
testing rig. Chapter 4 presents the results of characterising vinyl ester and polyester 
laminates in terms of their fire reaction properties, the measurement of these properties 
as a function of applied tensile or compressive loads, and the determination of the fire 
resistance. The modelling of the main fire reaction and resistance properties is carried 
out in chapter 5. In Chapter 6 conclusions are drawn and recommendations for future 
work are suggested in Chapter 7. 
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2.1 General overview 
A composite material is a material system consisting of a mixture or a combination of 
two or more different materials which are insoluble in each other [37,38]. 
Fibre reinforced composite materials are classified into four categories based on the 
matrix system used [39]. They are metal matrix composites, ceramic matrix composites, 
carbon-carbon composites and polymer matrix composites. Polymer matrix composites 
are made of thermoplastic and thermoset resins reinforced with fibres such as glass, 
carbon or boron. 
2.2 Reinforcing glass fibres 
Fibres have a small diameter ranging from 5-15 micrometers. In addition to their low 
density, fibres are stronger and stiffer than those used in bulk form. Flaws are likely to 
be present in the bulk form and mostly absent in fibre form. This reflects the lower 
strength of bulk glass. Approximately 90% of the structural applications are based on 
glass fibres [40]. 
The surrounding matrix enables fibres to contribute to the major part of the tensile, 
compressive, flextural or shear strength and stiffness of FRP composites. The 
"composite action" between the reinforcement and the matrix works to distribute loads 
evenly through the whole material. 
Glass fibers are made by a direct melting process using silica sand, limestone, fluorspar, 
boric acid and clay. Different glass grades, such as E-glass, C-glass, S-glass, can be 
obtained by varying the amount of raw materials and processing parameters. 
This research is concerned with E-glass fibre as the reinforcement material. Some of E- 
glass properties are listed in Table 2.1. 
. 
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Table 2.1 Typical properties of E-glass 1371 
Typical Specific Tensile Tensile Ultimate Thermal 
diameter gravity modulus strength elongation expansion 
(pm) (GPa) (GPa) % coefficient 
IO /°C 
E-glass 10 2.54 72.4 3.45 4.8 5 
E-glass fibres have low strength to weight ratio and are inexpensive to produce 
compared with other fibres. However, these fibres like other glass fibres, could suffer 
from the environmental effects. Schutte [41] reviewed the effect of environmental 
moisture attack on the properties of glass fibres. He concluded that this attack can 
degrade the glass fibre strength: plasticize, swell, or microcrack the resin, and affect the 
fibre-resin bond. The failure of glass fibres under environmental exposure depends on 
the presence of stress, type of stress, temperature, length of exposure time and glass 
composition. Hale et al. [42] found that the immersion of E-glass fibres in water at a 
temperature of 70°C caused some degradation of the fibres. In addition, other researchers 
[32] demonstrated that the exposure of glass fibres to high temperature (150°C ti 
650°C) reduces their strength significantly, even in the absence of stress. Corrosion is a 
plausible cause. 
Stress corrosion is the combined effect of the corrosive environment and applied stress. 
It occurs more rapidly in alkaline or acidic media and the two proposed mechanisms for 
this phenomenon are [43,44]: - 
1. An ion exchange mechanism, where hydrogen from the surrounding medium 
substitutes the alkali ions in the glass, in particular Na+. 
2. The degradation and dissolution of silica network in the glass structure. 
Agrawal & Broutman [44] explained the first mechanism as follows: the small singly 
charged hydrogen ions penetrate the glass fibres from the surrounding environment 
untill they find sodium ions. Then the sodium ions move to the surface and leave the 
glass. The volume of hydrogen ion is smaller than that of sodium it replaces and this 
leads to contraction in the molar volume. As a result of this contraction, the affected 
surface layer is prevented from shrinkage, by the bulk of glass fibres, which are not 
affected by the ion exchange. Consequently, tensile stresses are generated on the surface 
layer and then failure takes place, especially if the component is under stress already. 
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Almenara & Thornburrow [43] proposed that for short periods of time and at low 
concentrations and temperature the first mechanism dominates and it is mainly 
controlled by diffusion. After longer periods of time, and at high temperature and acid 
concentration, the silica network can dissolve. Therefore, resistance to stress corrosion 
can be improved by using glass fibres, which are resistance to chemical attack. It has 
been reported that AR-glass (Alkai Resistant Glass) are more corrosion-resistant than 
other types of glass [43]. Continuous fibres are available in four main forms as shown in 
Figure 2. l . Fibre orientation 
is used to categorise the fabric type. 
(ii) 
* 1404 
(iv) 
Figure 2.1 Main forms of continuous glass fibre (i) Unidirectional fibre glass cloth 1451 (ii) 
Plain woven roving 1461 (iii) Multiaxial fabrics 1461 (iv) Roving 1471 
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2.3 Resin systems 
The resin system used in composite materials has several tasks, such as binding the 
fibres together and keeping them in a proper position, transfer and distribute loads to 
fibres, and protect fibres from abrasion. 
To carry out the above tasks, the resin system should have the following properties: - 
1. Good mechanical properties. 
2. Good adhesive properties. 
3. Good toughness properties. 
4. Good resistance to environmental degradation. 
Polymers are classified into two main types: thermosetting and thermoplastic polymers 
according to the effect of heat on their processing and properties. 
0 
Thermosetting polymers are formed as a result of the chemical reaction, which takes 
place between the resin and the hardener (catalyst). The curing process is a non- 
reversible molecular cross-linking process to form a tightly bound rigid product. Cured 
thermosetting resins do not melt if heated, but their mechanical properties degrade if 
they are heated to a temperature above the glass transition temperature. In this case, the 
molecular structural behavior of thermoset resins change from a rigid glassy polymer to 
amorphous polymer. 
In contrast, thermoplastics differ from thermosets in that they do not cure or set under 
heat [48]. They merely soften or melt when heated, and harden and solidify upon 
cooling the mould, and take the shape of the mould to get the required item. This process 
can be repeated as often as desired without any appreciable effect on the material 
properties in either state. 
. 
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2.3.1 Polyester resin 
Unsaturated polyester resins have a wide range of usage due to their low cost, good 
mechanical properties and chemical resistance [49,50]. Polyester resins are unsaturated 
polymers of relatively low molecular weight containing carbon-carbon double bonds (or 
unsaturation) in the back-bone chain dissolved in an unsaturated monomer, which is 
usually styrene [15]. The styrene solvent performs the crucial function of enabling the 
resin to cure from liquid to a solid by cross-linking the molecular chain of the polyester. 
Also, the addition of sufficient amounts of styrene helps to make the resin easier to 
handle [51 ]. Polyesters can be produced by the reaction of alcohols, such as glycol and 
di-basic acids. 
The most common types of polyester are orthophthalic and isophthalic. The 
orthophthalic polyester resins are used as general purpose economic resins. They are 
relatively prone to chemical attack and have lower mechanical properties. They are used 
in structural applications where the corrosion resistance is not an essential requirement. 
On the other hand, the isophthalic polyesters are frequently used in industries such as 
marine and oil industries due to their superior water resistance and mechanical 
properties [50]. 
aoooao 
HOC C=Ck c O- C C- oC`,. C0 C- Ca C- C=C C O- C C- O 
n 
n=3 to 6 
*denotes reactive sites Ester groups 
Figure 2.2 Idealised chemical structure of a typical isophthalic polyester 1521 
. 
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2.3.2 Vinyl ester resins 
The cost of vinyl esters is higher than polyester resins, although the molecular structure 
for both resin systems is similar. The location of the reactive sites is positioned at the 
ends of the molecular chains, which is different from that of polyesters. This makes 
vinyl esters tougher than polyesters as the whole length of the molecular chain exists to 
absorb shock loadings [52]. They also have better corrosion resistance than polyesters 
due to a lower number of ester groups, which are susceptible to water degradation by 
hydrolysis. See Figure 2.3. These properties allow vinyl ester resins to be frequently 
used in corrosion resistance applications such as pipelines, chemical storage tanks and 
marine industry. 
I0 
OH C OH 0 
G-C-C-0-C- c-c-0 c 0-C c-c--0-c-C-C 
*denotes reactive sites Ester groups n=1 to 2 
Figure 2.3 Idealised chemical structure of a typical epoxy based vinyl ester 1521 
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2.4 Composite combustion process 
The initial decomposition and ignition of the polymeric matrix is driven by the applied 
heat, for example a fire [53]. This fire may come from any ignition source like an 
electric fault, overheated surfaces, burning debris, etc. The overall combustion process 
occurs as a result of coupled events: heating of the composite surface, decomposition, 
ignition and combustion. 
At the beginning, the polymeric matrix is heated to a temperature at which it starts to 
decompose producing gaseous products. Some of these gaseous products enter the fire 
and undergo combustion in the gas phase and therefore more heat is liberated. Some of 
the heat is then transferred back to the polymeric matrix to accelerate the decomposition 
rate and produce more volatiles to sustain the combustion cycle. Figure 2.4 explains the 
mechanism controlling the fire behaviour of polymer composites. 
Composite 
FIRE is" WJW Heat Flux 
Heat 
feed 
back 
+ 01 
voletiles 
Combustion 
CO )< CO, )ý Other gases ) `Smoke )ý Heat 
Figure 2.4 Mechanisms involved in the thermal decomposition of polymer composites 
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2.5 Fire damage of composites 
Char formation, softening and degradation of the matrix and organic fibres, and 
delamination of plies, and matrix cracking, are the major types of fire damage [15]. 
Figure 2.5 shows a section for a fire damaged thick charring laminate (12 mm thick). As 
it can be seen, the resin/glass surface layer which is directly exposed to fire, is the first to 
suffer thermal degradation and is revealed as a black layer due to complete degradation 
of the matrix and the formation of char. Below this layer is the pyrolysis front region 
where the polymer matrix has been heated to above the decomposition reaction 
temperature but below the char formation temperature. In this region the matrix is 
partially degraded but the matrix has not been reduced to char and there has no evolution 
of combustion gases. Delamination cracks between the plies and fine matrix cracks 
within the plies are found below the decomposition zone [13]. Near the cold face area is 
the virgin material region where the laminate has not been affected by the fire because 
the temperature is too low to cause any softening or decomposition of the matrix. 
Progressive movement of the decomposition and char zones towards the cold face is 
noticed with increasing exposure time to fire. As a result, the composite matrix will be 
completely degraded to char. 
Char 
Resin decomposition 
region 
as 
C. ) 
C 
ca 
U) 
0 
Undamaged 
laminate 
0 100 
% Residual matrix 
Figure 2.5 Section of a fire-damaged thick laminate showing the different damage zones. The 
variation in resin content through the laminate is shown schematically 1151 
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2.6 Characteristics of fire performance of composites 
Fire performance of composites is normally classified on the basis of the fire reaction 
and fire resistance properties. Table 2.2 outlines these properties: - 
Table 2.2 Summary of properties and tests relating to the fire performance of materials in 
structural applications 131 
Fire reaction properties 
Start up and progress of fire 
Oxygen index 
Combustibility 
Time-to-ignition 
Surface spread of flame 
Peak heat release 
Average heat release 
Human survivability 
Smoke generation 
Toxicity index 
Fire resistance properties 
Pool fire tests 
Burner tests 
Furnace tests 
Jet fire tests 
2.6.1 Fire reaction 
Fire reaction defines the flammability and the response of composite materials to the fire 
particularly at its early stages, generally from ignition to flashover, and their effects on 
the surrounding environment. It considers the properties that are related to the start up 
and propagation of the fire, and the properties that are connected to human survivability 
as in the case of evolution of smoke and toxic gases that limit visibility and pose a safety 
hazard respectively [3,15]. 
Bench scale tests are the main methods for fire reaction measurement. They are quick, 
inexpensive and usually provide consistent. reproducible data. These tests include the 
cone calorimeter, Ohio State University (OSU) heat release rate test, limiting oxygen 
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index (LOI) test, National Bureau of Standards (N. B. S. ) smoke chamber. radiant panel. 
and smoke toxicity tests. 
A drawback of many bench-scale tests is that they ignore the effects due to fire growth. 
Instead, they are said to relate "only to a snapshot of part of the overall fire behaviour of 
the test material" [54]. Another disadvantage is that the simulation of actual fires using 
bench-scale techniques (for example, heat release rate, air movements and the 
oxygen/fuel ratio that exist in actual fires) are often different to those in bench-scale fire 
tests, and this can substantially affect the measured fire reaction properties [55]. A 
further remark on bench-scale tests is that the entire sample is often completely 
consumed, whereas in real fires this may not happen, due to the reduced oxygen levels 
encountered within enclosed unventilated spaces. Properties such as flame spread need 
another equipment for testing; they can not be measured along with other properties such 
as heat release rate using the same equipment as in the cone calorimeter tests. However, 
fire reaction properties of large components can be measured using large scale tests such 
as single burning item test, intermediate scale cone calorimeter and room fire 
calorimeter test. 
2.6.1.1 Cone calorimeter test (ISO 5660-1) 
A large number of fire reaction properties can be determined using the cone calorimeter 
[56,57]. Relatively small samples (I00mm x 100mm x thickness up to 50 mm) are used 
for the test. It measures average heat release rate, peak heat release rate, time-to- 
ignition, effective heat of combustion, smoke density, mass loss rate and CO and CO2 
yields. It uses the oxygen consumption principle; the amount of oxygen consumed is 
directly proportional to heat release rate. 
Materials can be fire tested at incident heat fluxes up to 100 kW/m2. In this test the 
specimen is allowed to burn untill all the resin has decomposed and stopped flaming. 
The fire intensity scales from small bin fire for a heat flux of 25 kW/m2 to significant 
room fire and hydrocarbon fire for 75 kW/m2 and 100 kW/m`, respectively. Detailed 
description of the cone calorimeter is discussed in section 3.4. 
. 4. 
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4 
2.6.1.2 Limiting Oxygen Index (LOl) ISO 4589, ASTM D 2863 
The Limiting oxygen index [58] is measured by exposing the sample to an ignition 
source in a transparent glass chimney under different controlled oxygen levels. 
Rectangular samples of 7mm width by 120mm length and by 3mm thickness are used in 
this technique. The minimum oxygen percentage that enables the sample to burn with a 
candle like flame for 3 minutes is determined. Therefore, LOI can be considered as the 
minimum concentration of oxygen in an oxygen-nitrogen mixture, required to just 
support the downward burning of a vertically mounted test specimen [59,60]. Despite 
the fact that the oxygen index is often used to describe the relative inflammability of 
polymers, it does not test the sample in a real fire environment [61]. A high limiting 
oxygen index represents a more difficult ignitable and flammable material (better flame 
retardancy). This test is not suitable for testing composite materials due to the presence 
of glass fibres, which can influence the burning of the tested sample and hence affecting 
the results. 
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Figure 2.7 (i) Photograph 1621. and (ii) Schematic diagram of the Limiting Oxygen Index test 
Equipment 1631 
2.6.1.3 N. B. S. Smoke Chamber Test (ISO 5659-2, ASTM E 662) 
A smoke unit is defined in AST\t E-176 [64] as "the concentration of smoke 
particulates in a cubic metre of air that reduces the percent transmission of light through 
1-m path to 10°o. SMOKE = standard metric optical kinetic emission". This test was 
de\ eloped at the National Bureau of Standards. Small scale samples (76.2mm x 76.2mm 
up to 5.4mm thickness) are used in this technique. It is re`arded as one of the most 
practical procedures to measure smoke obscuration [65]. The specimen is mounted in the 
vertical position. in a flaming or smoldering mode to allow the produced smoke to 
accumulate in the smoke collection chamber, facing an electric radiant heater that 
generates an incident heat flux of 25 Rm The heater of some N. B. S. Smoke 
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Chamber is modified so tests can be performed at variable heat fluxes up to 50 kW/m 
The smoke optical density is measured over time using monochromatic laser light. 
(; ) (ii) 
Figure 2.8 (i) Schematic diagram of the NBS smoke density chamber 1661 and (ii) Photograph 1671 
2.6.1.4 Radiant Panel Test (ASTM E 162) 
A radiant panel test is used to determine the rate at which a flame front spreads down the 
surface of a burning specimen [68]. A flat sample is exposed to a heat flux produced by 
a (300mm x 460mm) gas-fired radiant heat source. The test panel is (l 50mm wide x 
460mm height), and is inclined at an angle of 45° to the heating element. Ignition takes 
place at the upper edge of the specimen, and the time taken for the flame to travel down 
the panel is recorded along with the temperature rise in the stack. A flame spread index 
is calculated from this information in order to quantify the test material. 
This test can be used to measure the flame spread for composite materials [69] and the 
most likely actual flame spread mode in composite materials is the rapid upward flame 
spread , which 
is different than the slower downward movement of the flame in the 
radiant panel testing. This observation poses a question as to the practical relevance of 
A. E. Elmughr"ahi 24 
Ph, D. Thesis 
Chapter 2 Literature Review 
this test to represent the actual scenario as the material that has a good flame spread 
resistance when tested in the downward mode may not have the same performance in 
actual upward spread [ 15]. 
7r 
Figure 2.9 Photograph and schematic digram of the radiant panel test equipment 1701 
2.6.1.5 SB! (BS EN13823) / Room calorimeter test (ISO 9705) 
Extrapolating the results of bench scale data such as the cone calorimeter to full scale 
items such as fire compartments and walls has been considered as a problem. This has 
lead to the development of intermediate scale tests. Single burning item test (SBI) [71 ] is 
mostly used to study the fire reaction properties of construction products (except 
floorings) including composite materials in their end use conditions as far as possible. It 
consists of two wall panels made of the test material (Figure 2.10 i and ii). One wall is 
1.5m height xIm wide and the second narrow wall is 1.5m height x 0.5m wide. A heat 
flux of 30 kW/m, is generated using a propane gas burner located in the corner. which 
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simulates the burning of a waste paper basket. The specimen is placed on a trolley 
beneath an exhaust system. There is a non-combustible floor but no ceiling. The fire 
reaction properties of the specimen are measured by physical and instrumental means. 
Heat release rate is calculated from the oxygen consumed during burning of the wall 
materials using the oxygen consumption principle. The time-to-ignition and flame 
spread rate are determined by visual observation. The temperature, air-flow rate, smoke 
density, 02 and CO2 concentrations are measured continuously using sensors inside the 
exhaust duct. 
(i) 
Smoke optical \ "Gas analysis (02, CO, C02) 
density flow mcasurmcnt Exhaust 
hood 
f--n) 3mx3mx7 
Exhaust gases ýý ýa 
Gas burner 
(_/ J)/ 
C 
mx2,0in 
(iii) 
(ii) 
(iv) 
Figure 2.10 (i & ii) General view of the SBI test 1671, (iii & iv) Room calorimeter test 1721 
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ISO 9705 [73] outlines the procedure of conducting the room calorimeter test (Figure 
2.10 iii and iv), which is one of the room fire tests. The fire room size is 3.6m long, 
2.4m wide and 2.4m high. This room has an open doorway at one of the wall sides and 
there is a fume extractor just outside the doorway. The test panels are placed on the 
remaining side walls and the ceiling, as in the end use conditions. A propane burner is 
placed at one of the corners. This burner provides a heat flux of 100 kW/m2 for the first 
ten minutes of the test and then increased to 300 kW/m2 for another ten minutes. The fire 
reaction properties are measured in the same way as in SBI test. 
The main drawbacks of these tests are the cost and the fact that they are not suitable for 
pultruded sections, pipes and different shapes other than flat sheets or panels. 
2.6.2 Fire resistance 
Fire resistance describes the capability of a material or structure to maintain mechanical 
and physical integrity during and after fire and to limit heat damage to other remote 
surfaces [3]. Stability, integrity and thermal insulation are the three failure criteria for 
fire resistance testing [74]. In order to meet the stability criterion, the structural element 
must bear the applied load during the test, without any sign of structural collapse. The 
requirement to meet the integrity criterion is that the test sample must not develop any 
cracks or fissures, which facilitate the escape of hot gases sufficient to cause ignition 
[75]. The barrier ability to contain and prevent fire spread is a measure of integrity and 
insulation. To achieve thermal insulation, the cold face temperature must not exceed an 
average temperature of 140°C and a maximum temperature of 180°C. 
Construction elements have to meet one or more of the three criteria depending on the 
element type and its intended application. 
2.6.2.1 Furnace test 
In this technique [76], composite panels between 1 m2 and 10 m2 depending on the 
furnace size, are placed at the open end of a gas or electric furnace with thermocouples 
attached to the rear face. Controlled time-temperature heating curves are normally used 
in this test in order to measure the fire resistance of composites. Figure 2.11 shows the 
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cellulosic (ISO 834) [77] and hydrocarbon (BS 476-20/21) [14] heating curves that are 
often used. 
The fire resistance of combustible materials is often defined by the time taken for the 
rear face temperature to reach 160°C at a single point, at which the fire is likely to 
spread to neighbouring rooms. Also, it is defined by the burn-through resistance, which 
represents the time taken by the fire to penetrate the composite material. Panels are 
tested in the end-use condition with the appropriate surface coatings, joints and other 
structural details to ensure a realistic test for the fire behaviour of a full-size composite 
structure. Furnace tests are also used to determine the structural integrity of loaded 
composite panels when exposed to fire. During fire testing the panel is subjected to a 
compressive and/or bending load. 
Despite the fact that the furnace testing represents an actual fire scenario, it suffers from 
reproducibility as different results can be obtained from different furnaces and testing 
institutions [20,78]. Figure 2.12 shows a photograph of furnace test facility. 
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Figure 2.11 Standard test curves for furnace fire testing, according to the hydrocarbon fire and the 
cellulosic fire specifications 13,141 
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Figure 2.12 Photograph of the furnace test facility 1791 
2.6.2.2 Pool fire test 
Pool fire tests, Figure 2.13, are designed to simulate an accidental ignition that results 
from combustible liquid spillage or exposure of an open fuel tank to an ignition source. 
Pool fire tests consist of placing a section, sometimes under load, over a tray of a highly 
inflammable liquid, depending on the application. Heat transfer and structural integrity 
are measured throughout the test. It is enclosed because the smoke and hot gases 
accumulate at the wall boundaries and radiate heat back towards the fuel and hence 
increasing the burning rate. 
It has been found that pool fires can exhibit two distinct flashovers. The initial one 
occurs at low temperature and the second hotter one takes place, when the heat of the 
fire begins to reflect back on itself, rapidly heating the remaining fuel [36]. 
A major drawback of the pool fire test is the difficulty in maintaining a steady heat from 
the fire. In addition, the presence of air streams and convectional currents will pose 
concerns on reproducibility. 
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2.6.2.3 Jet fire test 
It is a very important burn-through fire resistive test. The rupture of a fuel container or 
gas pipe that produces high pressure flame can be simulated using jet fire test [59]. It is 
more severe and more damaging than pool fire test because it generates a high heat flux, 
which has an erosive effect due to the high gas velocity. Usually, the burn-through time 
or the time taken to loose the integrity and the increase in temperature of protected 
surfaces are measured in this test. The United States Navy considers the test material to 
have adequate fire resistance when the back-face temperature remains below 120°C after 
thirty minutes exposure [15]. Figure 2.14 show the largest jet fire rig, which is operated 
by British Gas, and is capable of directing a 20 meter long horizontal flame of burning 
natural gas onto the component under test. The test article is located about half-way 
down the flame length where it is subjected to a combination of high heat flux (--300 
kW/m2) and high gas jet velocity (-50 m/s) [ 15]. The specimen is exposed to the jet fire 
for a fixed time, and after testing the functionality and burn-through of the test article are 
assessed. 
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Figure 2.14 Jet fire test at British Gas Spadeadam facility 1811, capable of directing a 20 meter long 
horizontal flame, producing a heat flux of -300 kW/m and 50 m/s velocity 2 
Because full scale jet fire testing is extremely expensive, small to medium sized jet fire 
resistance tests, such as the propane burner test, have been developed [20,82,83]. These 
tests enable the test materials to be subjected to high heat flux and gas velocity at low 
cost. Figure 2.15 shows a small scale propane burner test. 
Figure 2.15 Small scale jet fire test (propane burner test) used for small scale samples and can 
produce a heat flux up to 200 kW/m2 1201 
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2.7 Temperature effect on mechanical properties 
Mechanical properties of polymer composites, such as Young's modulus, shear modulus 
and compressive strength exhibit the behaviour shown in Figure 2.16, when exposed to 
temperature under isothermal conditions (ie. constant temperature through the material 
thickness) [15]. The unrelaxed property value (P) remains constant as at room 
temperature until it reaches the critical softening temperature (Tcr). Above the softening 
temperature the property decreases until it reaches the relaxed value (PR). This decay in 
the property value occurs as a result of the thermal softening of the polymer matrix 
which occurs at lower temperature than the glass transition temperature. The glass 
transition temperature is the temperature at which the material changes its behaviour 
from glassy to rubbery behaviour. At temperatures above (T,,, ) the properties actually 
decrease very gradually below PR due to further softening and (eventually) pyrolysis of 
the polymer. 
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Figure 2.16 Schematic of the effect of temperature on the mechanical property of a laminate 1151. 
Increasing the temperature to and beyond the glass transition temperature reduces the mechanical 
strength 
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It has been assumed that all mechanical properties, including strength, for most 
thermosetting amorphous polymer composites follow the relationship presented in 
Figure 2.16. On heating, these materials undergo one transition before decomposition 
(ie. the glass transition temperature). The main task, therefore, was to find a relationship 
that can fit this transformation region in order to model all mechanical properties. 
A polynomial in temperature would be a good method to represent the mechanical 
property, flextural modulus for example, in the transition region [ 12,84]. Some workers 
[21,85,86] used the polynomial in temperature over a narrow thermal range to describe 
properties like young's modulus. However, this approach is found to be not suitable 
sometimes due to the need of polynomial of order five or six to describe the property as 
a function of temperature with sufficient accuracy. In addition, this approach would 
perform well within the range of fitted data only as demonstrated in Figure 2.17. 
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Figure 2.17 Flexural modulus results over a range of temperatures for a glass/polyester laminate. 
The fitted curve is a 5`h order polynomial 
in temperature. Note that outside the measured data 
range, the polynomial fit loses accuracy 1351 
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Mahieux and Reifsnider [87,88] assumed that temperature increase has the effect of 
increasing the breakage of intermolecular bonds in the resin. Cumulative \Veibull 
distribution was used to model the bond strength as a function of temperature. They 
proposed the following relationship: 
P(T) = PR + (PU - PR)exp - (2.1) TO 
where, P(T) is a particular property as a function of temperature, Pu and PR are the 
unrelaxed (low temperature) and relaxed (high temperature) values of that property, 
respectively, To is the relaxation temperature, and m is the Weibull exponent. 
Temperature is in Kelvin. Properties could be fit reasonably for most thermosets with m 
values in the range 9-21. 
Gibson et al. [15,19] found an empirical relationship based on the hyperbolic tanh 
function to fit the transformation region. The relationship is: 
P(T)=PR+ {1_tanh[k. (T_Tg)]} 
2 
where: P(T) is a particular material property, 
Pu and PR are the un-relaxed and the relaxed property values respectively, 
k is a constant relating to the breadth of the transition, 
Tg is the glass transition temperature (°C). 
(2.2) 
To count for the residual resin content (RRC) using Equation 2.2, each mechanical 
property was modified by a power law factor. 
P(T)=PR+ 
2 
{I-tanh[k. (T-Tg)]}R" 
2 
where, R" is the power law factor to count for resin decomposition. 
. 
4. E. Elmughrahi 
Ph, D. Thesis 
(2.3) 
-i4 
Chapter 2 Literature Revieýý 
Properties like compressive strength, shear modulus and Young's modulus clearly 
dependent on resin content of the composite materials. On the other hand, tensile 
strength is not resin dependent and mainly reflects the reinforcing fibre's strength. It has 
been found [ 19] that the degradation in resin dependent properties was fitted using n=1, 
whereas for tensile strength n=O, which in turn brings Equation 2.3 back to Equation 
2.2. 
It has been reported [ 15,35] that some composite materials have two relaxation stages 
when heated, such as polypropylene. Therefore, the proposed relationships in Equations 
2.2 could not be used. Instead the above equation was modified to incorporate the two 
relaxation stages as shown in the following equation: 
P(T) = PR + 
Pý' - P` 
2 
J. {1_tanh[ki " 
(T 
- T, ')]} + 
Pý -2 P'ý J. {1_tanh[k2(T_T2')J} (2.4) 
where: Pu, Pj and PR are the high (un-relaxed), intermediate and low (relaxed) 
temperature property values respectively, 
Tgi and Tg2 are the high and low temperatures around which each transition 
occurs. 
k1 and k2 are the breadth of the high and low transition regions respectively. 
Figure 2.18 and Figure 2.19 show the fitted property curves for glass vinylester, 
polyester and polypropylene composites. 
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Figure 2.18 Tensile strength results for vinyl ester (-I), polyester (A) and polypropylene (o) 
laminates 1151 
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Figure 2.19 Resin dependent properties as a function of temperature for three laminate systems. (i) 
Flextural Modulus. (ii) Compressive strength 1151 
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2.8 Modelling the composites behaviour in fire 
Prediction of the fire behaviour of composites in high temperature applications 
necessitates thermal modelling. These models are important because they demonstrate 
the different processes that control the behaviour of fibre reinforced polymers in fire. 
Also, they can be used as a design tool for the development of new composite structures 
and reduce the cost of expensive fire tests [89]. 
Modelling the pyrolysis of wood in a fire environment was the basis for development of 
composites thermal models [90-93]. Wood burning was modelled based on the 
assumption that it has two-phases: the residual char and the undamaged material. These 
phases are explained in Figure 2.20. Kung [91], Kansa et al. [90], and Fredlund [94], 
have developed thermal-chemical models that consider the processes of transient heat 
conduction, endothermic decomposition of wood, convection flow of volatiles and the 
gaseous combustion of these volatiles at or near the surface. 
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Figure 2.20 Thermal decomposition of wood 
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2.8.1 Heat conduction modelling 
The effect of heat conduction through the composite material thickness is the most 
effective heat transfer mode. Heat of conduction is expressed as a one dimensional 
model [95] under the conditions of one-sided heating as 
pcp o7 
ý 
Lkx 
ýJ 
Where: 
(2.5) 
T is the temperature (K), 
t is time (s), 
x is the distance below the hot surface, 
p is the composite density (kg/m3), 
Cp is the specific heat of the composite (J/kg. K), 
kx is the thermal conductivity of the composite in the through-thickness direction 
(W/m. K). 
The left hand side of the equation considers the change in total thermal energy per unit 
volume whereas the right hand side is the heat conduction energy flux. Specific heat 
(Cp), thermal conductivity (k) and density (p) are assumed to be independent of 
temperature, which is not the actual case. 
This one dimensional model was studied by Asaro et al. [96], Milke and Vizzini [97], 
and Charles and Wilson [98] , and extended to give a three 
dimensional model: 
PCP d a[kx(T) 
ý] 
+ý'[k (T)ý07 
'J+Lk 
(T) 
ýJ 
(2.6) 
where: x is the through thickness direction and y and z are the planar directions, kx(T), 
k,, (T) and k: (T) are the thermal conductivities in the x, Y and.: directions. 
Again, it was assumed that the specific heat, density and thermal conductivity are not 
temperature dependent. 
. 4. 
E. Elmughrabi 38 
Ph, D. Thesis 
Chapter 2 Literature Review 
It can be seen that both equations do not consider the polymer decomposition and also 
the flow of gaseous volatiles from cold face to hot face. For these reasons these 
equations are only perfect for the prediction of temperature profiles of low heat fluxes 
that do not cause combustion or degradation of the organic matrix. For most types of 
polymer composites, the heat flux limit below which pyrolysis does not occur is in the 
range of 10 to 20 kW/m2 [15]. 
2.8.2 Fire response modelling of composites 
The change in total thermal energy in a material due to the combined effect of heat 
conduction and polymeric matrix decomposition was modelled for the first time by 
Pering, Farrel and Springer [99]. They proposed the following equation: 
PC 
0=ö kx o7 + 
°in Qp (2.7) 
oi` öx aa 
am 
is the vapour mass rate generated by unit volume (kg/s), 
at 
QQ is the heat of decomposition (J). 
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Figure 2.21 Measured against calculated mass loss of carbon/epoxy composite at flame fire of 
510°C temperature 1991 
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Figure 2.21 shows the results of the work done by Pering et al [99] on carbon-epoxy 
composite exposed to gas flame temperature of 540°C. The normalized mass loss is 
equal to the polymer matrix mass loss resulting from decomposition divided by the 
matrix original mass. A good agreement was found between the theoretical mass loss 
(curve) and the measured mass loss (data points). 
It can be noticed that some of the normalized data points exceeded the maximum value 
of 1. This is may be because the samples should be burned for several hours to allow full 
decomposition of the matrix as the presence of carbon fibres can hinder this process. 
In addition, Browne [35] commented that the calculation of the normalized mass loss 
was implemented using the theoretical fibre volume fraction value, while the actual 
value may have a significant variation from it. This could yield an error in calculating 
the mass loss value. 
2.8.2.1 Henderson model 
Henderson et. al. [4,6] derived aID equation for the prediction of thermal response of 
glass reinforced polymer laminates. It was based on the work done on the decomposition 
of wood by Kung [91 ] and Kansa et al. [90]. Henderson model can be expressed as: 
5T 
_ä2TL 
5T 
, pCp 
k -MGCpg -Op(Q+h(' -hg) 
oý ä` 
(2.8) 
where: 
p is the density (kg/m3). 
Cp is specific heat (J/kg. K). 
k is the thermal conductivity (W/mK). 
T is temperature (K). 
t is time (s). 
M(; is the mass flux (kg/m2s). 
CPg is the specific heat (J/kgK) of the volatile gases. 
Q is the heat of decomposition (J/kg). 
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hc is the enthalpy of the solid composite (J/kg). 
hG is enthalpy of the volatile gas (J/kg). 
The first and second terms of the right hand side of the equation refers to the heat of 
conduction. This equation takes into account the change of thermal conductivity of the 
composite with temperature, which is different to Equations 2.6 and 2.7. The third term 
in Henderson equation considers the effect of volatiles flow through and out of the 
damaged material. Because it has a cooling effect, it is provided with a negative sign. 
The fourth term is the rate of heat generation or consumption resulting from matrix 
decomposition and the char-glass fibre reactions. It is negative for endothermic reactions 
that absorb heat and is positive for exothermic reactions. In this term, the decomposition 
reaction rates are determined from the mass loss rate using the Arrhenius kinetic rate 
equation: 
cJn 1% 
_ -A; mo[(m-m f)imo]ne 
(-E/RT) 
(2.9) 
cl L 
where: 
mo, mf and m are the initial, final and instantaneous mass of the material, 
respectively (kg). 
Ai is the pre-exponential factor (s-1), 
E is the activation energy (J/mol), 
n, is the order of the reaction, 
R is the universal gas constant (8.314 J/mol. K), 
T is the temperature (K). 
Figure 2.22 shows the measured and the calculated temperature profile for 3 cm glass 
phenolic composite at a heat flux of 280 kW/m2 using Equation 2.8. As it can be seen. 
good agreement was found between the measurements and model predictions at different 
layers through the laminate thickness. The high heat flux used allowed complete resin 
decomposition and glass/char reactions. 
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Figure 2.22 Theoretical and experimental temperature profile for 3cm thick glass/phenolic at 280 
kW/m2 heat flux 161 
2.8.2.2 Simplified version of Henderson model 
A modified version of Henderson equation [6] was formulated by Gibson et al. [5] to 
predict the thermal response of glass reinforced polymer laminates exposed to one-sided 
heating. 
öT 
_ö 
LT ö (m -m pC1. 
at ax 
k 
ax - 
M(' hG - PA 
me 
RT ýQ1, + he - hgý 
(2.10) 
I" 
As shown in Equation 2.10, the model incorporates the three main processes that occur 
in a composite exposed to fire. First process is the conductive heat transfer through the 
material, which causes the temperature rise. Second term is the convective mass flow of 
volatile products generated by the decomposition of the matrix from the reaction zone to 
the hot fire/composite interface. It is convective because the initial temperature of 
decomposition gases is lower than the temperature of the char surface/fire interface. The 
third term represents the endothermic or exothermic decomposition processes of the 
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polymeric matrix, which result in heat absorption or generation, respectively. Most 
polymers used in laminates have an endothermic decomposition nature. 
The equation can be solved using the finite difference methods to predict the 
temperature and residual resin content evolution with time. It can be also solved using 
finite element analysis [100,101 ]. 
The thermal model is simplified by assuming that the thermal conductivity and specific 
heat are constant with increase in temperature, and thermal and gas transport properties 
remain constant during the process of decomposition. The ambient temperature values 
are used in the analysis. Rule of mixture is employed to calculate the thermal properties. 
The decomposition reaction is modelled using the Arrhenius Equation 2.9 and the matrix 
density is updated during the thermal analysis accordingly 
Pcomp =Vf Pf + Vm Pm 
V /Kcomp 
__ + 
Vm 
Kf Km 
Cp)comp = L(Cp)f PfVf + (Cp)mPmVml / (Pfuf + PmVm) 
Where: 
(2.11) 
(2.12) 
(2.13) 
pf and p, are the density of the fibre and matrix respectively. 
Vf and V, n are the volume fraction of the 
fibre and matrix respectively. 
Kfand Km are the thermal conductivities of the fibre and matrix respectively. 
The fibres mass loss is not accounted for in the model as the fibres are assumed to 
remain inert in the analysis. 
Although this model does not account for char formation which is beneficial for the 
composite integrity, or for the fibres falling away from the hot surface after prolonged 
exposure to fire, it has nevertheless made accurate predictions for many types of 
thermosetting composite systems [5,1 1,31,100,101 ] as shown in Figure 2.23. 
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Figure 2.23 Measured and predicted temperature profiles for a 10.9mm thick glass/polyester 
laminate exposed to a one-sided hydrocarbon fire[151. The term x/L represents the distance below 
the hot surface (x) divided by the specimen thickness (L) 
2.9 Modelling fire behaviour of laminates under load 
The two-layer model and the laminate model are extensively used to model the fire 
response of loaded composite laminates. 
2.9.1 The two layer model 
This model [1,2,12,13,102] assumes that the damaged laminate by fire consists of two 
layers: a fully degraded region that is simplified as having little or negligible mechanical 
properties and unaffected layer that is assumed to have the same properties as virgin 
material before exposure to fire. A major drawback of this model is that it fails to 
consider the change in mechanical properties by changing temperature. These properties 
degrade near the char/virgin boundary and increase toward the unheated surface. 
However, this model can be used to calculate the residual tensile properties after fire. 
The tensile strength of the virgin layer is assumed to be constant and has the same value 
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as in the room temperature. Figure 2.24 shows schematic diagram of laminate exposed 
to fire based on the two layer model. 
Imr 
Tensile Force 
EI 
Constant [: ý 
Uniform Heat 
ý, 
K 
Char 
xc 
Virgin 
Laver 
x 
-JOLI-- Figure 2.24 Schematic showing the two layer model. Xc is the char depth and X 
is the depth of original material 1151 
Residual tensile strength (a-7ý is calculated using the following equation: 
x -x. x. U_xU ý0) + z` (2.14) 
00 
Where: 
QT(o) is the original tensile strength of the material at room temperature (MPa), 
6T(C) is the tensile strength of the char layer, which is assumed to be negligible in 
this case based on experimental data. 
xo is the total thickness of the laminate (m), 
xc is the thickness of char (m). 
xc is a location in the through-thickness direction at which the predicted temperature of 
the laminate reaches the temperature at which the matrix will decompose to char. It is 
calculated using Equation 2.10, and at this point the temperature is still high enough for 
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the polymer matrix to decompose to char. The charring temperature is determined using 
thermo-gravimetric analysis. The sample is considered to fail when the applied tensile 
stress 6,. , calculated using the above equation, exceeds 
the residual tensile strength of 
the laminate. Therefore, the time to failure is the time taken to bring the residual strength 
below the applied stress. 
Theoretical curves in Figure 2.25 were constructed using the two layer model. Good 
agreement was found to the failure times of 50 and 75 kW/m2. However, the model 
overestimated the remaining tensile strength values when exposed to a heat flux of 25 
kW/m2. The graph shows that the laminate preserved its original strength for more than 
three hours. This is because the decomposition temperature to form char based on TGA 
analysis was 440°C and at this heat flux the laminate does not reach this temperature. 
Therefore, according to the two layer model no char has formed and therefore the 
strength does not degrade. Also, due to the longer exposure of glass fibres to the heat 
flux, it is reported that they fail by creep rupture and the two layer model does not 
account for this [12,103]. The use of this model should be restricted to applications 
where creep effects do not exist. 
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Figure 2.25 Comparison of the calculated and measured times for a woven glass/vinyl ester 
laminate under tensile loading and one-sided heat flux. The curves were calculated using the two- 
layer model 11041 
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2.9.2 Laminate theory 
Laminate theory is a well known mathematical technique that is used to determine the 
strength and stiffness of a laminate [38,40,44,105]. Figure 2.26 shows the required 
inputs for fire resistance modeling. 
Temp. /RRC 
dependent 
properties 
Thermal model 
Tý ýRRC 
Ply 
constitutive 
eauations 
Laminate 
analysis 
lechanical 
response 
Figure 2.26 Schematic diagram showing the steps for coupling the thermal model outputs and the 
temperature dependent properties, which are used to construct the ply constitutive equations, with 
the laminate analysis to predict the mechanical response of loaded composite laminates in fire 1351 
Under isothermal conditions, applied forces and bending moments are related to the 
resultant mid-plane strains and curvatures by, 
ýMJ=ýB 
öJLKJ (2.15) 
N and M are matrices for normal loads and bending moments in the laminate 
Nz Mz 
N= Nti and M= M(2.16) 
N. 
xý, 
M. 
Yv 
and iý, and is are the mid-plane strains and curvatures: 
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Ex 
li - (r y 
Exy 
and 
KX 
K= Ky 
KXY 
(2.17) 
The temperature profile and residual resin content (RRC) through the laminate thickness 
are calculated using the thermal model Equation 2.10. The laminate model requires a 
functional relationship for mechanical properties as a function of temperature and RRC 
to construct the ply constitutive equations. Laminate matrix analysis is then used to 
calculate the stiffness and strength of each ply layer in the laminate at the calculated ply 
temperature at a certain point of time. The transformed stiffness matrix Q of a ply 
within a laminate may be found from the temperature dependent properties of a 
unidirectional ply. For an orthotropic laminate, with 0°/90° orientation of plies and 
woven roving laminates, loaded in the principal axes, they do not exhibit shear strains. 
The transformed stiffness matrix, Q, will be simplified to the following form due to the 
absence of shear extensional coupling. 
Q11 Q12 0 
Q= Q12 Q22 
00 Q66 
where: Q, I = 
QI, c4 + 2(Q12 + 2Q66 
)s2C2 
+ Q22 S4 
12 = 
(Q11 
+ Q22 - 
4Q66 )s2C2 + Q12 
(S4 
+ c4 
/ 
Q22 = Q11 S4+ 
2(Q12 + 2Q66 
)s 2C2 
+ Q22C 
4 
Q16 (Q1I 
- 
Q12 
- 
2Q66 )SC 3+ (Q12 
- 
Q22 + 2Q66 
)s 3c 
Q26 = 
(Q11 
-Q12 -2Q66)s3C+(Q12 -Q22 +2Q66)SC3 
Q66 (Q11 + Q22 -2Q12 -2 
Q66 )s 2C2 + Q66 
(S 4+c4 
(c and s denote sinO and cosO, respectively), and 
(2.18) 
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Q1I- 
E' 
9 
Q22= 
E2 
' 
QI2= 
1- v12v21 1- v12v21 
v12E2 
- Q21, Q16 = Q26 - 0- Q66- G12 
1-v12v21 
where: El is the modulus of the material in the 1-direction (longitudinal), 
E2 is the modulus of the material in the 2-direction (transverse), 
v12 is Poisson's ratio (referring to the strains produced in the 2-direction when 
the lamina is stressed in the 1-direction). 
V21 is Poisson's ratio (referring to the strains produced in the 1-direction when 
the lamina is stressed in the 2-direction). 
G12 is the shear modulus of the material. 
The laminate A, B, and D matrices may be calculated using the Q matrix to give a 
representation of overall laminate response. Due to temperature and property variation 
through each ply, the conventional summation procedure is supplemented by a 
numerical integration from layer to layer, so that: 
n 
hA 
A=j $dz 
k=1 hA-I 
n 
hA. 
_ B= fzdz 
k=1 h, 
--i 
n 
hA- 
D= JQz2dz 
k=1 hA-i 
(2.19) 
The A matrix Figure 2.27(a), which describes the laminate in-plane stiffness, falls 
continuously due to the general deterioration of the elastic properties with increasing 
temperature and resin degradation. 
The laminate interaction term, B Figure 2.27(b), describes the interaction between in- 
plane loads and out of plane bending. B initially starts at zero because of the symmetry 
of the laminate about its centreline. The imbalance of moduli in regions on either side of 
the laminate centreline causes B to rise rapidly when a heat flux is initially applied. As 
the deterioration of the elastic properties continues, B falls. 
The D matrix Figure 2.27(c) describes the laminate bending resistance which falls with 
increasing temperature. It is very interesting to notice that the shoulder in this term 
corresponds to the peak in the B matrix. This reflects the asymmetry about the laminate 
centreline. 
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An inverted version of Equation 2.16 may be used when the input parameters are the 
loads: At first, the matrices are partially inverted: 
[ 
[k] j c* D* 
] [M] 
where: 
[A*] = [Ad] 
[B*] = _[A-1][B] 
[B*ýT 
[B][A-'][B] 
(2.20) 
Then, the fully inverted matrices are calculated by applying the following operations: 
[A] = [A*] - [B*] [D*-1] [C*] = [A*] + [g*][D*-'][B*]T 
[B'] = [B*][D* 1] 
[Cý - ýD* 
1ý ýC*ý = [B*]T = [B] 
[D'] = [D*] 
The inverted form of the A, B, and D matrices allow analysis of laminate structures 
when the input parameters are the loads: 
[e01 [A' B' N 
[K f [B' D' M 
(2.21) 
Once the A, B and D matrices are solved, they can be used to calculate the deformation 
and buckling failure of simple flat structures. 
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Figure 2.27 Laminate model for a glass/vinyl ester laminate: predicted variation of the components 
of the laminate A, B and D matrices with time for a heat flux of 75 kW/m2 (a) A, (b) B and (c) D 
matrix components 11061 
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In this chapter, the use of the cone calorimeter to characterise the flammability of 
composite laminates in the loaded and unloaded condition is described with emphasis on 
the new designed and built small scale loading rig. Also, the high constant heat flux 
provided by the radiant heater was employed to study the fire resistance of small scale 
samples and to investigate the burn through effect by measuring the back face 
temperature. The design of a higher load testing rig with a source for constant heating is 
also explained. Measurement of the kinetic parameters and determination of density, 
fibre volume fraction and void content are also discussed. 
3.1 Materials used 
The composite samples used in this investigation were vinyl ester and polyester-based 
laminates of the type commonly employed in marine structures. The materials were 11.8 
mm thick vinyl ester and 11.6 mm thick polyester glass plates, prepared by hand 
laminating onto a flat mould. The laminates were supplied by the Composite 
Technology Centre (CTC) of VT Halmatic, Portchester, a manufacturer of large marine 
craft. The reinforcement was non-crimp stitched E-Glass fabric, with equal numbers of 
layers in the 0° and 90° directions. 24 plies in total of the glass fabric were used in each 
laminate. The resins were Dow 411-45 vinyl ester and Scott Bader Crystic 489 
isophthalic polyester, cured with organic peroxides according to the manufacturers' 
specifications. The laminates were not post-cured, which is quite common for composite 
parts used in large marine structures. They were, however, stored at ambient temperature 
for approximately 12 months prior to testing. 
3.2 Volume fraction determination 
Determination of glass volume fraction was based on the standard ASTM D 792-00 
[107]. This standard determines the fibre mass by burning a known mass of composite 
laminate sample in a furnace. The matrix resin melts and evaporates ýtihile the fibre 
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remains. After weighing the remaining fibre and dividing it by the initial mass of the 
laminate, the mass fraction and volume fraction can be calculated as percentages. 
Approximately 5 (g) samples were used in this test. Each sample was \\ eighed in air and 
water. Samples mass in water was measured by using 100mm3 density bottles. The 
samples' density was determined as per the following equation: 
PC = 
Min 
air 
*N 
water 
(3.1) 
where, 
Min 
air - 
minwater 
Min air is the mass of the composite in air (in grams). 
Min water is the mass of the composite in water (in grams). 
Pwater is the water density, which equals 0.9975 (g/cm3). 
Small crucibles were labelled and weighed both with and with out samples, and then 
placed inside an electric furnace for 4-5 hours at 550°C (Figure 3.1). After complete 
burning, the fibre mass was determined by subtracting the mass of empty crucible from 
the total mass of the crucible with fibres. The fibre and matrix volume fractions, Vf and 
Vm, respectively were determined by the following equations: 
Vf = 
mf Pc 
x 100% (3.2) 
m(pf 
Vm = (I-Vf) (3.3) 
where: 
mf and m, are the masses of remaining fibre and sample respectively. 
pf and p(, are the density of the glass fibres (-2.54 g/cm3), and the density of 
the composite sample, respectively. 
The void content can be calculated by the following equation: 
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VV =/ 
F'thei rIIIcu! 
Pmearurecl 
)x 100% 
tJ (3.4) 
Ptheormcal 
where: 
P, heor,,, cal and Pmeasurea' are 
the theoretical and measured densities respectively. 
The rule of mixture can be employed to calculate the theoretical density assuming zero 
void content. 
Ptheoretical =VfP. 1 +vm Pm 
where: 
p, and p,,, are the fibre and matrix densities respectively, 
Vf and Vm are the fibre and matrix volume fractions respectively. 
(I) 
(ii) 
(3.5) 
Figure 3.1 (i) The electric furnace and (ii) the balance, used for the determination of the fibre 
volume fractions 
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3.3 Thermo-gravimetric Tests (TGA) 
In addition to volume fraction, the thermal model requires certain kinetic parameters to 
calculate the resin decomposition rate. Thermo-gravimetric analysis measures the mass 
loss of the material with increasing temperature. 
TGA tests were implemented using 50 mg small samples from each laminate system. 
Figure 3.2 shows the small furnace that was used to heat the samples under constant 
heating rates. The test was conducted in an inert (N2) to prevent samples from igniting 
and also to simulate the actual decomposition scenario in fire: the resin decomposes in 
absence of oxygen because the air flow from the surrounding to the decomposition zone 
is counteracted by the volatiles flow from the cold face to the surface/fire front. The rate 
of mass change with increasing temperature was recorded up to 900°C. The test was 
repeated two times and good agreement was found between the results. 
25°C/min. and 40°C min. heating rates were used to accurately predict the degradation 
parameters. Two different heating rates were chosen to mimic the actual decomposition 
scenario of polymer composites as they undergo different heating rates when exposed to 
fire due to their low thermal conductivity. The main kinetic parameters obtained from 
TGA analysis were A, the rate factor and E, the activation energy for each material. 
Detailed TGA analysis will be discussed in Chapter five. 
(; ) (ii) 
Figure 3.2 TGA testing furnace. A constant heating rate was applied to the samples in a nitrogen 
atmosphere. The rate of change of mass with increasing temperature was measured using a load cell 
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3.4 Cone calorimeter 
The backbone of the experimental work was the cone calorimeter (as supplied by Fire 
Testing Technology (FTT Ltd), East Grinstead, West Sussex, UK) in conformance with 
ISO 5660 [56,57], see Figure 3.3 for details. At the core of the instrument there is an 
electrically heated cone element produces a near-constant heat flux over the 100mm 
square surface of the test specimen. All the combustion products are drawn, with an 
excess of air, through the hood extraction system. The air flow rate, temperature and 
oxygen concentration are measured, enabling a continuous record of heat release to be 
calculated. Large number of fire reaction properties can be determined in one cone 
calorimeter test. Heat release during the burning process can be measured 
simultaneously along with the values of peak heat release and average heat release rates. 
Time-to-ignition, effective heat of combustion, smoke obscuration, mass loss rate, and 
CO and C02 yields are also measured, with the addition of appropriate sensors. The 
heating element can irradiate heat fluxes ranging from (0 to 100) kW/m2. 
This technique can be used to [108]: 
  compare and rank the fire performance of different materials, 
  pass or fail a material according to a certain fire criteria (eg. maximum heat 
release rate value or smoke obscuration level), 
  assess the likely response of a material when exposed to a large fire, 
  generate fire reaction data to validate fire models. 
The cone calorimeter has many advantages; the specimens used in the cone calorimeter 
are small compared to other fire tests like the SBI test or room corner tests. Also, the 
amount of exhaust gases is smaller than in the SBI test: the gas flow in cone calorimeter 
is 241/s whereas in the SBI test and Room Corner Test it is 6001/s and 25001/s 
respectively. In addition, this technique enables reproducible and consistent 
measurement of heat release and other fire reaction properties. 
. 4. 
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The sample is inserted into a sample holder and placed on a load cell for measurement 
of mass loss rate throughout the test. The principle of oxygen consumption is employed 
to calculate the heat release rate, which makes measurements dependent solel` on 
precise oxygen concentration and flow [ 109,110]. Hugget [ 109] observed that the heat 
of combustion for most organic materials commonly encountered in fires is 
approximately the same. He found that this value is 13.1 MJ/kg and explained this 
further: as the process of combustion of these products is mainly the oxidation of C-C 
and C-H bonds which release approximately the same amount of energy. Therefore. 
the heat release rate can be calculated using the expression: 
Ohs. 
q=m 02 
ra 
-mot 
0 
where: 
Ah, is the net heat of combustion. 
ro is the stoichiometric oxygen/fuel mass ratio. 
M o2 a 
is the total mass flow of oxygen from the air. 
m o2 is the total mass flow of oxygen into the fire. 
(3.6) 
Oxygen concentration in the exhaust stream is measured with an oxygen analyzer 
capable of an accuracy of 50 ppm., and the heat release rate is determined by comparing 
the oxygen concentration with the value obtained when no sample is burning. This 
method enabled an accurate and more convenient way to calculate heat release rate and 
it holds for a broad range of materials, including polymer based ones. 
The cone calorimeter contains a smoke measurement device, consisting of a helium- 
neon laser beam and a beam detector for determination of a specific extinction area 
(SEA) of the smoke being released from the burning sample. This beam shines a 
monochromatic light through the smoke over a fixed distance. Before the light reaches 
the smoke, it is split into two beams. one of which is directed to a compensation detector 
. 
a. E. Elmughi-abi 57 
Ph, D. Thesis 
Chapter 3 Experimental Methods 
without crossing the smoke. A reference signal is generated by this detector to 
compensate for any laser power out-fluctuation. The second beam passes through the 
smoke and its power intensity is measured by a silicon photodiode. 
Smoke obscuration is defined by the extinction coefficient (k): 
1 k= in 
L I 
where: 
I, = power intensity measured by the compensating detector. 
I= power intensity measured by the smoke detector. 
L= the light path length. 
The average smoke extinction area Gf(avg) is equal to: 
(3.7) 
,, 
k, At, 
6=' (3.8) 
r 
f(ýýRý 
m -M 
where: 
V; is the volume exhaust flow rate, m; is the initial specimen mass and mfis the 
final specimen mass. 
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Figure 3.3 The main components of the cone calorimeter 11 
The software package "CONECALC-d" supplied with the cone calorimeter is used to 
calculate all parameters: mass loss rate, smoke production (smoke extinction area), 
effective heat of combustion, heat release rate and CO/CO2 yield. Also, the events that 
are observed during the test can be documented 
3.4.1 Main components 
The conical heater wound in the form of a truncated cone, is rated 5000 W at 230 V 
with a heat output up to an equivalent to 100 kW/m2 and for use horizontally and 
vertically. It consists of a heater element of resistive wire packed in magnesium oxide 
refractory, which is sheathed in an incoloy tube. The heater element is mounted 
internally on a double skinned insulated truncated cone. Temperature control is achieved 
by three type K- thermocouples fixed in direct contact with the heater element. 
A split shutter mechanism protects the sample area before the beginning of the test. It 
gives the operator time to check the system before testing and also allows the load cell to 
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stabilize. This added time is very important for easily-ignitable samples, \tihich often 
ignite irreproducibly if a shutter mechanism is not in place. 
A specimen holder is used for specimens of 100 mm squared area and up to 50 mm 
thick, in the horizontal and vertical orientation. 
The load cell can measure up to total weight of 2 kg, with a quick electronic tare 
facility. 
Spark ignition uses a 10 kV spark generator 
The exhaust system is manufactured from Stainless steel for long life. It comprises a 
hood, a gas sampling ring probe, an exhaust fan and an orifice plate flow measurement 
(thermocouple and differential pressure transducer), which is 24 I/s in normal operation. 
Gas sampling comprises the ring sampler, refrigerated cold trap, pump, drying columns 
and flow control. 
Smoke obscuration is measured with a laser system, using photodiodes. A small 0.5 
mW helium-neon laser beam is projected across the exhaust duct. The detector system 
uses both main and compensation detectors, overcoming the stability problems of the 
helium-neon laser. Output is provided directly as an extinction coefficient. 
A heat flux meter is used for setting the irradiance on the surface of specimen. 
A calibration burner calibrates the rate of heat release measured by the apparatus using 
methane of 99.5% purity. 
3.5 Small scale loading rig 
A small scale loading rig was designed and used, for the first time, to facilitate the 
testing of glass polyester and vinyl ester samples under tension and compression loads at 
constant heat flux (see Figure 3.4 for details). 
The loading rig consisted of a pressure cylinder and loading frame comprising three 25 
mm diameter steel bars. An electronic load cell was fitted on the pressure cylinder 
plunger to measure the load applied to the samples. To minimize thermal effects this was 
situated just outside the area affected by the radiant heat flux from the cone element. 
Some compromises were required to enable the rig to fit in the restricted space under the 
cone element in the standard type of instrument. It was necessary, for instance, to 
. 
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remove the mass loss measuring transducer, so no mass loss measurement were 
possible in the tests reported here. The 25 mm gap between the cone element and the 
sample was kept the same as in a conventional test. 
The limited working area under the cone restricted the space available for sample grips, 
so it was necessary to reduce the exposed area of the sample from the standard 100 mm 
square, down to 100 mm x 30mm. The grips are shown in Figure 3.5. The tensile 
specimens were given a 15 mm corner radius at either end of the gauge length. The 
small difference in area resulting from this was allowed for when computing the heat 
release per unit area. The sample edges were insulated with Kaowool, to ensure as far as 
possible that heat was applied to only one side, giving near one-dimensional heat flow in 
the sample. 
Exhaust 
Cone Heater- 
Pressure Cylinder 
Load Cell 
J 
Figure 3.4 Small scale loading rig designed to fit into the cone calorimeter, in order to measure the 
fire reaction properties as function of the applied load 
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Tension 
Compression 
Composite sample 
Tensile grips 
---------- ---------- 
Compressive grips 
Figure 3.5 Specimen grips for tension and compression. In each case the heat-exposed 
sample dimensions were 100 mm long by 30 mm wide 
. 
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The change in sample dimensions will have had the effect of decreasing the accuracy of 
the fire reaction measurements and there may also have been some effects due to the 
increased area of the sample edges, compared to those in a conventional test. 
Nevertheless, tests carried out with zero load on the sample produced very similar heat 
release profiles to those measured with conventional sample dimensions. This was 
attained by incorporating the actual exposed surface area in the test information before 
measuring the HRR using Cone-Calc. software. Figure 3.6 and Figure 3.7 show the 
measured HRR profiles for the standard cone calorimeter samples compared to the 
modified ones with reduced size of (100mm x30mm). The slight increase in the average 
HRR in the reduced samples compared to the standard samples is mainly due to the edge 
effect and the exposure of more surface area to the heat flux as it was more difficult to 
insulate the modified samples than the standard ones using the conventional picture 
frame. Ritchie S. [112] studied the effect of the sample diameter (size) on the heat 
release rate of horizontal wood and found that it has a little effect. He explained that the 
lack of size effect was due to influence of the formed insulating char layer, which 
reduced the gasification rate. It would, nevertheless, be desirable, for future instruments 
of this type, to modify the design a little, in order to permit full-size specimens to be 
placed under the cone heater. 
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Figure 3.6 Comparison of the HRR profiles of conventional standard sample and the modified one 
for glass vinyl ester composite at 75 kW/m2 
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Figure 3.7 Comparison of the HRR profiles of conventional standard sample and the modified one 
for glass polyester composite at 75 kW/m2 
Figure 3.8 shows the loading frame in place under the cone calorimeter heating element. 
A heat flux of 75 kW/m2 was employed in this study, corresponding to a fairly severe 
fire, as might be encountered in a compartment fire on a ship. This is equivalent to a 
minimum source temperature of about 840°C, according to the Stefan-Boltzmann 
relationship. This heat flux is higher than the more commonly employed of 50 kW/m2, 
which corresponds approximately to a typical room fire. As with conventional cone 
calorimeter measurements a spark igniter was employed, to ensure the ignition of 
evolved decomposition products. The elapsed time to visible ignition of these products 
was recorded. 
The samples were held under load until mechanical failure occurred, the time-to-failure 
being defined as the time at which the laminate could no longer support the externally 
applied load. Heat release rate and smoke production rate were measured simultaneously 
by the cone calorimeter. The peak values of heat release and smoke generation rate were 
reported. It is also common to report average values of these parameters, computed over 
a period, often of 300 seconds. In the present study, however, this was not possible, as 
the samples failed after different time periods depending on the stress level. Instead, 
values of the heat and smoke release rate immediately prior to failure were recorded. 
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These will be referred to as the minimum heat release rate and the minimum smoke 
production rate. 
VDT 
Figure 3.8 Small scale loading rig which was fitted under the 
cone calorimeter heating element 
3.6 Fire tests under high load 
Another small scale new rig was designed to test composite laminate under high load. It 
is capable of testing samples up to 280 kN load (Figure 3.9 and Figure 3.10). The rig 
was fitted with a fume hood to extract the smoke and hot gases Rectangular tensile 
samples of 500 mm lengthx 75 mm width and compression samples of 200 mm length x 
100 mm width were tested under constant load and constant heat flux of 75 kW/m2. The 
time-to-failure was recorded for every stress. Special grips were designed for tensile and 
compressive loads (Figure 3.11). The compression grips were designed in such a way to 
prevent local buckling of the tested specimens. LVDT was positioned at the back face of 
the sample to measure the out-of-plane deflection during compression loading. The 
loaded laminate was exposed to radiant heat flux from a specially designed conical 
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heater (5000 W), which resembles the cone calorimeter's heater (Figures 3.12 and 
3.13). The new radiant heater was calibrated using the existing Schmidt-Boelter heat 
flux gauge, which is attached to the cone calorimeter. Time-to-failure curves were 
constructed for tested composite laminates. 
Radiant Heater 
Load #4 
Total length = 500mm 
Figure 3.9 Schematic showing the testing arrangement 
** Load 
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Hydraulic ram 
Cc 
Figure 3.10 High load testing rig. It is capable of testing composite samples at 280 kN and a 
constant heat flux up to 100 kW/m2 
(I) (ii) 
Figure 3.11 High load testing rig. (i) Tensile side. (ii) Compression side 
A. E. E1mughrahi 
Ph, D. Thesis 
67 
Chapter 3 Experimental Methods 
/j'3d 
Figure 3.12 The calibrated radiant conical heater. It is calibrated to provide a heat flux upto 100 
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Figure 3.13 The heater calibration curve. The curve shows the temperature required to provide a 
heat flux from 10-100 kW/m2 
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Chapter 4 Results & Discussion 
The experimental results for testing glass fibre reinforced vinyl ester and polyester 
composite laminates are reported in this chapter. These results are used to characterise 
the fire behaviour of these materials in terms of their fire reaction and fire resistance 
properties. In addition, the effect of tensile and compressive stresses on main fire 
reaction properties is discussed. 
4.1 Fire reaction properties 
4.1.1 General 
In the cone calorimeter test, the exposed surface of the material begins producing 
decomposition gases (outgassing) within a few seconds of exposure to the radiant heater. 
This outgassing is typically followed by an initial delamination within the surface of the 
laminate. Prior to sustained ignition, at least one flash of flame above the sample surface 
occurs. Heat fluxes of 50 kW/m2 and 75 kW/m2 were chosen as they represent the 
intensity of a room fire and a ship compartment fire, respectively. Two tests were 
performed in a horizontal position for every condition and the average values have been 
reported for each property. The back face and edges were thermally insulated using 
Kaewool in order to minimize edge effects. 
4.1.2 Time-to-ignition 
The start of flaming combustion is defined by the time-to-ignition. It is reported that the 
onset of ignition can be characterized in several ways: critical ignition temperature, 
critical incident heat flux onto the material's surface, rapid rate of rise in the surface 
temperature, and critical mass loss rate [15]. Many models assume that ignition takes 
place as soon as the material surface reaches the ignition temperature of the material and 
the concentration of flammable volatiles released by the decomposing matrix reach a 
critical value [113]. The measured time-to-ignition values for glass polyester composite 
were 39 seconds and 17 seconds, and for glass vinyl ester 46 seconds and 18 seconds at 
, 4. 
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50 kW/m2 and 75 kW/m2, respectively. It can be noticed that the higher the irradiance 
level is, the earlier time-to-ignition because of the faster decomposition rates. 
4.1.3 Heat release rate 
Heat release rate (HRR) is the most important key measurement required to assess the 
fire development of materials and products, and it is considered as the driving force for 
fire spread [30,61,108]. It provides an indication of the fire size, rate of the fire growth, 
the time available for escape and the type of effective suppressive action. 
HRR is the thermal energy produced per unit area of flammable materials' surface and is 
controlled by the amount of combustion gas products resulting from matrix 
decomposition. These gaseous decomposition products may themselves reduce the heat 
release rate because they are endothermic. Also, the flow of gases from the cold face to 
the hot face has a cooling effect. 
Peak heat release rate (PHRR) indicates the maximum flammability of the material and 
this takes place a short time after ignition. Average heat release rate (AHRR) is the mean 
total heat released over a certain burning time (usually three to five minutes). 
The HRR properties for vinyl ester and polyester composites tested at 50 and 75 kW/m2, 
using the cone calorimeter, are shown in Table 4.1 and Figure 4.1. At these heat fluxes 
the surface temperature of the specimens is sufficiently high (more than 600°C) to allow 
for complete decomposition for the resin [15,23,30,32,33]. The average heat release 
rate values are presented over the first five minutes (300 seconds) as after this time the 
AHRR value has dropped considerably below the peak value. This makes 300s a 
convenient time period for determining AHRR [57,114,115]. 
Table 4.1 Average and peak HRR for glass vinyl ester and polyester composites at 50 and 75 
kW/m2 
Heat flux of 50 kW/m2 Heat flux of 75 kW/m2 
Peak HRR Average HRR Peak HRR Average HRR 
(kW/m2) (kW/m2) (kW/m2) (kW/m2) 
Glass/polyester 262 ±7 137 ±3 335 ±5 182 ±8 
Glass/vinyl ester 249 ±2 145 ±1 298 ±3 183 ±5 
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Figure 4.1 Heat release rate profiles for glass vinyl ester and polyester exposed to a constant heat 
flux of 50 and 75 kW/m2 
The HRR profiles oscillate with exposure time because of different chemical and 
thermal events that take place. Firstly, the composite does not release any heat 
(induction period) which means that volatilisation decomposition temperature has not 
reached yet. Secondly, sudden increase in HRR due to the ignition of the material 
surface resin rich layer, which indicate high gasification rates, until it reaches its' peak. 
Thirdly, HRR declines progressively with time due to the formation and growth of char. 
Char reduces the release of heat by delaying the heat transfer into the underlying 
material and also hindering the gas transfer from the decomposition front. The second 
increase in HRR after this period is mainly due the presence of some resin attached to 
the back surface of the sample, which by that time becomes thin and burns very quickly. 
Also, the insulation in the back face of the material forces the temperature to increase 
and thus enhances the decomposition rate. Fourthly, the heat release curve goes down to 
a very low value, which is an indication of complete resin degradation. 
Because the composite used is a woven laminate, the profile fluctuates with a series of 
peaks and troughs over time, which reflects an erratic burning. This behaviour is mainly 
due to the fact that woven composites have different layered structure as they have resin- 
rich regions between the ply layers. During exposure to fire, the burning rate of the 
resin-rich layer produces more volatiles, which causes the peaks, while burning less 
resin glass layers results in lower HRR and as a consequence troughs are obtained. It has 
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been reported that the HRR profile for chopped fibre laminates has steady 
decomposition because of the reasonable distribution of resin between the glass layers 
[15,27]. 
Moreover, it has been found that the heat flux has a significant effect on HRR. The 
graph indicates that the HRR rises with increasing heat flux especially the peak value. 
due to rapid decomposition reaction at higher heat fluxes. This effect was also reported 
for other composite laminates by other authors [26,116]. In contrast, it has been 
demonstrared [15] that the AHRR and PHRR of high performance thermoset laminates, 
such as phenolics, are less sensitive to the increase of external heat flux due to 
temperature induced char formation. 
4.1.4 Smoke production 
The importance of characterising the smoke production comes from the fact that it can 
be a safety hazard, especially if it is dense, reducing visibility, causing disorientation and 
making fire fighting a complex task. The specific extinction area (SEA) is used to 
quantify the smoke density. It measures the effectiveness of converting a given mass of 
volatiles into smoke. 
Table 4.2 shows a comparison of average and peak SEA (300 seconds) of glass vinyl 
ester and polyester composites at two different heat fluxes. From this Table, it can be 
seen that the increase in fire intensity (heat flux) leads to a slight increase in smoke 
obscuration. This is probably due to the increase in soot particles production. In contrast 
to the reported smoke density for highly aromatic polymer composites; it decreased with 
the increase of heat flux due to their high char yield, which restricts the flow of soot and 
decomposed gases to the surface [116]. Also, it is clearly noticed that the smoke 
production in vinyl ester is slightly higher than in polyester due to the higher styrene 
content in vinyl ester composites, 44% compared to 35% in polyester [15]. A strong 
direct correlation was reported between smoke density and HRR [30] because both 
properties depend on the endothermic decomposition rate. 
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Table 4.2 Average and peak SEA for glass vinyl ester and polyester composites at 50 and 75 
kW/m2 
Heat flux of 50 kW/m2 Heat flux of 75 kW/m2 
Peak SEA Average SEA Peak SEA Average SEA 
(m2/kg) (m2/kg) (m2/kg) (m2/kg) 
Glass/polyester 2742 ± 140 1010 ± 50 2852 ± 155 1178 ± 30 
Glass/vinyl ester 2908 ± 160 1249 ± 60 3433 ± 220 1577 ± 29 
4.1.5 CO and CO2 production 
The production of toxic gases such as CO from burning the polymer composite are a 
major safety concern for human survival [ 117]. It has been reported that death in humans 
takes place within an hour when the concentration of CO or CO2 reaches 1500 and 
100,000 ppm, respectively [15]. 
Table 4.3 indicates that the amount of CO produced by a composite is directly related to 
the heat release rate, whereas the correlation between heat release rate and average CO2 
yield is unclear [30]. This is because of the stronger dependence of CO2 on the oxygen 
available in the atmosphere than on the decomposition rate, which controls the HRR. It 
can be concluded that in applications where CO hazard has to be a minimum value, 
composites with low AHRR have to be selected. 
Table 4.3 CO/CO2 yields and AHRR for glass vinyl ester and polyester composites at constant heat 
fluxes of 50 and 75 kW/m2 
Heat flux of 50 kW/m2 Heat flux of 75 kW/m2 
ACOY ACO2Y AHRR ACOY ACO2Y AHRR 
(kg/kg) (kg/kg) (kW/m2) (kg/kg) (kg/kg) (kW/m2) 
Glass/polyester 0.00013 2.5 163 0.043 2.14 206 
Glass/vinyl ester 0.0004 2.5 145 0.052 2.28 209 
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4.1.6 Mass loss 
The weight change of glass vinyl ester and polyester composite laminates was measured 
as shown in Figure 4.2 using the load cell attached to the cone calorimeter. The 
remaining mass fraction is the instantaneous mass divided by the original mass of the 
composite. 
It is clear that the graph shows different regions for each mass loss profile. These 
regions correspond to the same events that occur in HRR curves (Figure 4.1). This 
indicates that the mass loss measurement is an accurate tool to determine the amount and 
rate of decomposition and it controls the heat release rate. 
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Figure 4.2 Mass loss curves for glass vinyl ester and polyester composites at constant heat fluxes of 
50 & 75 kW/m2 
4.1.7 Effective heat of combustion 
The amount of heat released by the combustion of a unit quantity of fuel is known to be 
the effective heat of combustion (EHC) [118]. It is derived by dividing the energy 
released by the mass loss rate. The CONECALC software calculates the effective heat of 
combustion for the material being tested and includes it in the output file. 
Table 4.4 shows the measured values for peak and average heat of combustion for glass 
vinyl ester and polyester samples at two different heat fluxes. It is clear that the peak 
values generally occur after the sample has burned for several minutes and the heat 
release rate had decreased considerably, whereas the average EHC over a time period of 
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300s and the EHC for the entire burn period were almost the same. For this reason the 
EHC for the entire burning was chosen for reporting purposes. 
Table 4.4 shows that average EHC values were approximately the same regardless of the 
level of applied heat flux because the potential energy to produce volatiles is the same. 
This finding reinforces the published literature [115,119]. 
Table 4.4 Peak and average heat of combustion for glass polyester and vinyl ester composite 
laminates at 50 & 75 kW/m2 irradiance levels 
Heat flux of 50 kW/m2 Heat flux of 75 kW/m2 
Peak EHC Average EHC Peak EHC Average EHC 
(MJ/kg) (MJ/kg) (MJ/kg) (MJ/kg) 
Glass/polyester 73 at 730s 
Glass/vinyl ester 61 at 900s 
69 at 695s 
53at 880s 
23 ± 0.5 
24.5 ± 0.2 
21.5 ± 0.5 
25 ± 0.2 
The effective heat of gasification (EHG) is the heat required to produce a unit mass of 
gaseous volatiles from a unit mass of solid [120]. Quintiere [121] described a method to 
derive it: peak HRR values are plotted against applied heat flux and the slope of the line 
represents the quotient of EHC/EHG and hence, EHG can be determined. By applying 
this method, the effective heat of gasification, EHG, is found to be 9.3 MJ/kg & 7.8 
MJ/kg for glass polyester and vinyl ester, respectively. These two values should be 
treated with caution because only two flux values were used to draw the slope line. 
A. E. Elnrughi"abi 
Ph, D. Thesis 
75 
Chapter 4 Results & Discussion 
4.2 Testing composite laminates under load using the cone calorimeter 
The results below represent the measurement of the fire reaction properties as function 
of the applied stress and study the mechanical-pyro effects on glass vinyl ester and 
polyester composite laminates. A heat flux of 75 kW/m2 was employed in this study. 
corresponding to a fairly severe fire, as might be encountered in a compartment fire on a 
ship. A lower heat flux such as 25 kW/m2 was not used to avoid heating the grips due to 
longer exposure periods, which may affect the results. 
4.2.1 Mechanical-thermal effect on fire reaction properties 
4.2.1.1 Mechanical- thermal effect on heat release rate and time-to-ignition 
The full heat release rate profiles, up to sample failure, for glass vinyl ester and polyester 
are shown in Figure 4.3 and Figure 4.4, respectively, as functions of the applied tensile 
stress at constant heat flux. The main effect of increasing tensile stress was to shorten 
the time taken to failure, an effect that will be discussed later. It can also be seen that 
increasing the tensile stress has a small, but significant effect on the heat release rate: 
increasing it. In the case of compressive stress, shown in Figure 4.5 and Figure 4.6, the 
failure times were shorter and the heat release decreased slightly with increasing stress. 
All the heat release rate profiles showed similar characteristics: a short delay, 
corresponding to the observed time-to-ignition, a rapid increase up to the peak heat 
release rate, then a slow decline to a steady, almost constant `minimum' release rate that 
lasted up to the point of sample failure. 
It is interesting to note that there was little change in the heat release profiles at the point 
of sample failure, either in tension or compression. This may be because, when failure 
occurred, the peak heat release rate had already passed, with the heat release rate having 
fallen to the lower almost steady value mentioned above. At this stage a significant 
proportion of the resin will have already been burnt out from the sample surface layers. 
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The heat release profiles and the size of the stress effect can be seen to be fairly similar 
for the vinyl ester and the polyester-based laminates. This is probably to be expected, 
as both resins are based on `solvent monomer' systems, in which styrene is an important 
component. In the present case the heat release rate of the vinyl ester samples was 
slightly lower than that of the polyester, which is in contrast to previous work [15], 
where the reverse was reported. It is probable that the heat release of these resins 
depends to some extent on the particular grade of vinyl ester or polyester and, most 
especially, on the actual styrene content and chemical differences between the species 
present in the main chain backbone. As reported previously [15], the thermal 
decomposition characteristics of vinyl ester and polyester resins are similar, in that they 
both generally decompose almost completely into volatile products, leaving only a small 
percentage of char, often of the order of 4% of the original resin mass. This almost 
complete decomposition is again likely to be due to the resin styrene content. Such 
behaviour is in marked contrast to resins such as phenolic, which contain complex 
highly crosslinked aromatic species, that can produce a substantial yield of carbonaceous 
char on decomposition [1,2,15,17,18,30,122]. 
The vinyl ester is a little more thermally stable than the polyester [15]. For instance, 
thermogravimetric analysis (TGA), detailed in the next Chapter, at a heating rate of 25 
°C/min in N2 shows a maximum decomposition rate at 450°C for vinyl ester, compared 
to 425°C for polyester (see Figure 5.3 and Figure 5.4). 
The details of the important initial heat release peaks are difficult to distinguish in 
Figure 4.3 to Figure 4.6, so the information was re-plotted over a shorter timescale of 
120 seconds, in Figure 4.7 and Figure 4.8, for the two resin types, with the data for 
tensile and compressive stress combined. There were no tensile failures within 120 
seconds, but some compressive samples did fail within this period. This has been 
indicated in Figure 4.7 and Figure 4.8 by placing a cross on the curves in question at the 
point of failure. It is acknowledged that the levels of variation in heat release rate, time- 
to-ignition and smoke production rates were within the range of scatter normally 
expected between cone calorimeter measurements. However, it should be borne in mind 
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that these results were generated within a single run of experiments for each resin type, 
with the calorimeter calibration being checked at both the beginning and end of the run. 
Despite a certain level of scatter, which is fairly typical for this type of measurement, a 
clear pattern can be discerned, in which the release profiles decrease fairly progressively 
in magnitude going from the highest tensile stress, down to the lowest compressive one. 
This decrease is accompanied by an increase in the induction time for the onset of heat 
release, which is roughly the same as the observed time to ignition. 
The physical processes involved when composites are exposed to heat have been 
discussed by Mouritz and co-workers [15,23,32,33]. First the laminate surface is 
heated by the incoming heat flux. The surface temperature increases, resulting in 
decomposition of the resin, producing volatile, often flammable, by-products, which 
generate a pressure within the resin phase [4,6]. This leads eventually to the formation 
of a network of cracks in the resin phase. These resin cracks will form predominantly 
normal to the plane of the laminate, permitting the easier escape of volatiles. When the 
laminate surface temperature reaches a particular value, depending on the heat flux [ 15, 
23,32,33], the volatile evolution rate is sufficient to allow ignition and sustained 
combustion to occur. This critical surface temperature for the onset of ignition has been 
estimated for vinyl ester resin to be about 600 °C for the present heat flux of 75 kWm-` 
[15,23,30,32,33]. 
The present results show the onset of ignition to be significantly affected by stress. The 
most probable mechanism is that tensile stress promotes the formation of resin cracks, 
shortening the time-to-ignition. Conversely, compressive stress can be expected to 
inhibit cracking, giving the opposite effect. 
As mentioned, the laminates in this study are thermally `thick': which means that there 
can be a significant temperature difference between the heat-exposed and rear surfaces. 
A `front' of decomposing resin passes through the thickness of the laminate, generating 
flammable volatile products that migrate to the laminate surface, where they burn. The 
speed at which this decomposition front passes through the laminate is controlled to a 
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certain extent by heat transfer, and the endothermic nature of the resin decomposition 
process. The heat release profiles demonstrate that an almost steady-state condition is 
achieved, with near constant release rate, which persists through to the point of 
mechanical failure. 
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Figure 4.3 Full heat release rate profiles for glass vinyl ester laminates under tensile stress at a 
constant heat flux of 75 kW/m2 
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Figure 4.4 Full heat release rate profiles for polyester laminates under tensile stress at a constant 
heat flux of 75 kW/m2 
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Figure 4.5 Full heat release rate profiles for glass vinyl ester laminates under compressive stress 
at a constant heat flux of 75 kW/m2 
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Figure 4.6 Full heat release rate profiles for glass polyester laminates under compressive stress 
at a constant heat flux of 75 kW/m2 
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Figure 4.7 Heat release rate of glass vinylester under tensile & compression loads at a constant 
heat flux of 75 kW/m2 
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Figure 4.8 Heat release rate of glass polyester under tensile & compression loads at a constant heat 
flux of 75 kW/m2 
Or, ftfiDti tancinn 
qri NAPA tancinn 
A. E. Elmughrahi 81 
Ph, D. Thesis 
20 40 60 80 100 120 
Time (s) 
20 40 60 80 100 120 
Time (s) 
Chapter 4 Results & Discussion 
Figure 4.9 shows the peak heat release rates (PHRR) and minimum release rates 
(MHRR) at failure as a function of stress. Also, it shows the same property values at 
zero stress for both composite resins. The stress effect is clear on the peak heat release 
rate curves, again emphasising the increased release rate for tensile stress and vice versa 
for compressive. The effect can be seen to be rather less for the minimum heat release at 
failure. This is in keeping with the hypothesis that stress predominantly affects matrix 
cracking and the initial heat release response. It is probably to be expected that the heat 
release rate during the later stages of exposure would be less significantly affected. 
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Figure 4.9 Peak and minimum heat release rates versus stress for glass vinyl ester and glass polyester 
laminates at a heat flux of 75 kW/m2 
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Figure 4.10 shows the variation of the time-to-ignition also with stress, which is 
progressive, decreasing with increasing tensile stress and increasing with compressive 
stress. Both resin types behave similarly, with the vinyl ester showing slightly longer 
times-to-ignition as it shown at zero stress value. 
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Figure 4.10 Time-to-ignition versus stress for glass vinyl ester and glass polyester 
laminates, at 75 kW/m2 
4.2.1.2 Mechanical-thermal effect on smoke evolution 
Figure 4.1 1 and Figure 4.12 show the effect of stress on the smoke generation profiles 
over a 120 second period. These are rather similar in shape to the heat release profiles 
already discussed, albeit with greater superimposed fluctuations. The vinyl ester smoke 
generation is somewhat greater than that for the polyester laminates due to its higher 
styrene content. As with heat release, a significant effect of stress can be observed. 
Figure 4.13 shows the peak smoke generation (PSPR) rate and the minimum smoke 
generation rate (MSPR) at sample failure. As with heat release the stress effect can be 
seen, the curves being rather similar to those in Figure 4.9 for peak heat release rate. The 
close relationship between heat release and smoke generation for composite systems of 
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this type has been discussed previously [30]. However, the final value of smoke 
production rate at failure, which shows quite a lot of scatter, actually declines a little 
with increasing stress. The probable reason may be that much of the smoke is evolved 
during the initial peak, so increasing this peak will result in a decline smoke during the 
later stages of exposure. 
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Figure 4.11 Smoke production rate profiles for glass vinyl ester laminates under tensile 
and compression stress, at 75 kW/m2 
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4.2.1.3 Time-to-failure 
Figure 4.14 and Figure 4.15 show 'stress rupture' plots of tensile and compressive 
stresses, respectively. These curves relate the time-to-failure, shown on the horizontal 
axis, to the applied stress. It can be seen that in both tension and compression the failure 
time decreases when the applied stress increases. The failure times under tensile stress, 
however, are almost an order of magnitude larger than those for compressive stress. 
This reflects the fact that tensile failure is largely determined by the strength of the glass 
fibres, whereas compressive failure is resin dominated. The tension failure data for the 
two resin systems are rather close to one another, the vinyl ester system performing only 
slightly better than the polyester, again reflecting the fibre dominated nature of the 
failure process. The curves in this figure were fitted on the assumption of a power law 
relationship between tensile stress and time-to-failure. A point was added corresponding 
to the undamaged tensile strength, 440 MPa, which was assumed to correspond to an 
arbitrary time-to-failure of 10 seconds. The strengths for the undamaged samples were 
actually carried out, not in stress rupture, but at a testing speed of 10 mm/min. The exact 
timescale of the strength point corresponding to zero fire exposure is probably debatable. 
In the tensile case it is possible, over about 10 minutes (600 seconds) to support 
composite stresses of the order of 30 MPa. Neglecting any contribution from the matrix, 
this corresponds to fibre stresses in excess of 130 MPa in those plies that are under 
stress. While significant, this is quite low, compared to the room temperature strength of 
commercial glass fibres, which is about 1,800 MPa. It has been reported, however, that 
the strength of glass fibres declines significantly and irreversibly at high temperatures, 
even in the absence of stress [32]. Debate continues on the origin of this phenomenon. 
First Possibility includes a corrosion process involving absorbed moisture from the 
atmosphere. Second possibility is the onset of devitrification (crystallization): glass 
undergoes a variety of physicochemical transitions that change the initially largely 
amorphous structure into one having elements of order/crystallinity. The formed crystals 
are weak and brittle. The 130 MPa stress value at 600 seconds corresponds fairly closely 
to the diminished strength value at elevated temperature predicted by the model reported 
in [32,33]. 
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Figure 4.16 shows a sample after failure in tension. The black appearance indicates a 
significant amount of residual decomposed resin. Fibre failure was distributed 
throughout the gauge length of the sample, with multiple points of fracture. The 
specimen did not separate into two clear parts, because pumping to the hydraulic 
cylinder was terminated when the load fell to zero. 
Figure 4.17 shows one of the samples that failed in compression. The compressive 
failure mode involved localised kinking of the plies, followed by more extensive 
crumpling, accompanied by delamination of some of the hot surface plies. The kinking 
effect is similar to that described by Budiansky and Fleck [123] for isothermal 
compressive failure of unidirectional samples. This model assumes that some local 
region of material, in which the fibres are imperfectly oriented, initiates a shear- 
dominated local collapse. Despite the greater complexity of the present case, which is 
non-isothermal and which does not involve a unidirectional composite, the mechanism is 
clearly rather similar to this. The resin shear-dominated nature of the failure accounts for 
why it occurs at such a short time, or low average laminate temperature. Again a power 
law relationship was assumed when plotting the curves. Undamaged compressive 
strength values were 355 MPa and 310 MPa for vinyl ester and polyester, respectively. 
Again these were assumed to correspond to a time-to-failure of 10 seconds. 
The longer-term stress that could be supported, at less than 10 MPa, is certainly lower 
than that observed in the tension case. It reflects the substantial softening of the resin at 
its glass transition temperature. The most pronounced kinking of the sample is near to 
the rear (cold) face. Due to the non-isothermal regime of the cone calorimeter test this 
cool region will concentrate most of the compressive stress, due to the fall in Young's 
modulus of the layers nearer to the laminate hot surface. Compressive failure probably 
initiates in this region. 
The times to failure in tension and compression are somewhat shorter than those 
reported previously for similar laminates [1,12,13,15]. The reason is probably the 
smaller sample size used here and the greater edge area. Although the edge region was 
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well-insulated during the tests it is known that there is an 'edge' effect, due mainly to 
the greater ease with which the volatiles can escape from this region. The shorter times 
to failure in the present work do not affect the main conclusions with regard to the effect 
of stress. Indeed it is possible the specimen edges reduced the apparent stress effect. 
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Figure 4.14 Tensile stress rupture curves (stress vs time-to-failure) for glass vinyl ester laminates 
(squares) and glass polyester laminates (triangles) at a heat flux of 75 kW/m2 
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Figure 4.15 Compressive stress rupture curves (stress vs time-to-failure) for glass vinyl ester 
laminates (squares) and glass polyester laminates (triangles) at a heat flux of 75 kW/m2 
Figure 4.16 Samples failed under tensile loading and a constant heat flux of 75 kW/m2 
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Figure 4.17 Samples failed under compressive load and a constant heat flux of 75 kW/m2. (i) Kinking 
in the cold face. (ii) The hot face moves toward the heating element 
4.3 Fire resistance properties 
Fire resistance is mainly concerned with the physical and mechanical integrities of 
composite laminates. Stability, integrity and thermal insulation are the three failure 
criteria for fire resistance [74]. 
4.3.1 Thermal insulation (rear face measurement) 
The main purpose of these measurements is to study the fire resistance of vinyl ester and 
polyester laminates subjected to constant heat fluxes of 50 and 75 kW/m2 using the cone 
calorimeter. 
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Figure 4.18 Rear face temperature profiles of glass polyester at constant heat fluxes of 50 & 75 
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Figure 4.19 Rear face temperature profiles of glass vinyl ester at constant heat fluxes of 50 and 75 
kW/m2 
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The thermal resistance is assessed by the time taken to heat the unexposed surface (rear 
face) to 160°C. It is believed that the fire spreads to adjacent rooms when it reaches this 
temperature. From Figure 4.18 and Figure 4.19 the effect of heat flux on the rear face 
profile can be clearly seen, as the higher the heat flux is the less time to reach 160°C, i. e. 
lower the fire resistance. Also it has been observed that the thermal insulation provided 
by glass vinyl ester is z 25% better than glass polyester laminates. This reinforces the 
finding that the time-to-failure for glass vinyl ester is higher than for glass polyester 
under the same loading conditions as in Figure 4.14 and Figure 4.15. The probable cause 
of this result is the decomposition temperature of both resin systems. From TGA results, 
detailed in next chapter in section 5.1.2, it can be seen that glass polyester started to 
decompose earlier than glass viny ester. This explains why polyester has thermal 
insulation than vinyl ester. 
4.3.2 Fire testing under load 
Small scale fire tests were conducted on glass vinyl ester and glass polyester specimens 
loaded in tension or compression at higher testing loads. A heat flux of 75 kW/m2 was 
provided by a calibrated conical radiant heater to preloaded samples. The time to failure 
(TTF) was recorded for every given load. The testing arrangement was shown in 
Chapter 3 (Figure 3.9). 
4.3.2.1 Tensile tests 
Figure 4.20 shows the failure curves of glass polyester and vinyl ester laminates under 
tensile loads. Two main factors control the tensile failure: thermal resin softening 
followed by decomposition and rupture of the glass fibres. This phenomena was also 
observed by other researchers [32,104] who compared the tensile strength of glass 
fibres, with composite laminates having the same type of fibres and subjected to the 
same testing conditions. They found that there was no major difference in failure time, 
which indicates that tensile failure is fibre dominated. Therefore, the composite laminate 
fails when the applied stress reaches or exceeds the fibres' strength. 
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Figure 4.20 Glass polyester and vinylester subjected to tensile loading and a constant radiant heat 
flux of 75 kW/m2. The curves shown are the best fit 
To investigate the correlation between resin decomposition and tensile failure, another 
graph relating normalised heat release rate and normalised tensile strength, to failure 
time was generated (Figure 4.21 and Figure 4.22). 
The heat release rate curves below show that decomposition of the matrices mostly 
occur over the period between 25 and 800 seconds, and this is the time range over which 
the laminate failed under tensile loads above 50%. This indicates that decomposition and 
volatalisation of the polymeric matrix, which is reflected by heat release rate, contributes 
to the tensile failure event. Matrix degradation is responsible for the loss of the 
`composite action', which means that the load on glass fibres is not distributed evenly. 
As a consequence, fibres fail one after the other. 
Before this time range, it can be seen that tensile failure occurs as a result of high tensile 
loads (> 90%). This demonstrates that despite the softening of the matrix resulting from 
heating the laminate to the glass transition temperature, it is still functioning and holds 
the fibres together in order to support the applied loads. 
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At lower load levels, the composite laminates were able to retain their strength for 
prolonged periods because of the residual strength of the hot fibres, even after resin full 
decomposition. 
The abrupture failure of glass fibres might have occurred due to the deterioration of their 
fracture toughness. The reasons behind this deterioration have been discussed previously 
in section 4.2.1.3. 
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Figure 4.21 Comparison of the failure time vs applied tensile stress curve with the normalised heat 
release rate of vinyl ester laminate at 75 kW/m2. The normalised tensile stress is the applied tensile 
stress of the laminate divided by its tensile strength at room temperature and the normalised heat 
release rate is the instantaneous heat HRR divided by the peak HRR 
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Figure 4.22 Comparison of the failure time vs applied tensile stress curve with the normalised heat 
release rate of polyester laminate at 75 kW/m2. The normalised tensile stress is the applied tensile 
stress of the laminate divided by its tensile strength at room temperature and the normalised heat 
release rate is the instantaneous heat HRR divided by the peak HRR 
4.3.2.2 Compression tests 
Figure 4.23 shows a plot of time-to-failure against the compressive stress for glass 
polyester and vinyl ester at 75 kW/m`. It can be seen that failure times are shorter when 
the applied load is increased. This response has been reported for other types of polymer 
laminates loaded in compression when exposed to fire or one side heating [34,106]. Due 
to the fact that the applied heat flux was fairly high, failure always occurred regardless 
of the magnitude of the applied load, which shows that resin degradation must further 
reduce compression strength properties due to the increased heating rate and faster 
decomposition rate of the polymer matrix. This reinforces the fact that glass transition 
temperature controls the compressive behaviour of fibre reinforced polymers. 
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Figure 4.23 Glass polyester subjected to compressive loading and a constant radiant heat flux of 75 
kW/m2. The curve shown is the best fit 
Again close inspection of the failed samples, Figure 4.24 revealed that the compressive 
failure mode occurred by plastic kinking of the glass tows [123,124]. Delamination 
cracks between layers near the hot surface spread through the laminate with time. The 
delaminated plies have little capacity to carry the applied load, which has led to the 
transmission of this load to the underlying layers that were free of cracks. It is believed 
that the sample failed when the retained compressive strength dropped below the applied 
compressive stress. This conclusion explains the failure behaviour, which was sudden 
and catastrophic. 
Mouritz et al. [ 104] found that the tows rotate for a maximum rotation angle of 60° from 
the load direction before the failure of vinyl ester laminates due to low shear stiffness of 
the hot resin matrix (Figure 4.25). It is found in this research that the kink band width is 
z6 mm, which is considered as large value compared with the band width of 0.2 mm at 
ambient temperature. 
Again Figure 4.26 and Figure 4.27 show graphs of normalized HRR and compressive 
strength against time-to-failure. The time period over which the polymer matrix was 
thermally decomposed has occurred between approximately 25 and 800 seconds. The 
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failure curve shows that the laminate failed in fewer than 25 seconds when the 
normalised compressive load was above 50%. At this value failure occurred prior to 
resin decomposition and, therefore, the failure by delamination cracking and plastic tow 
kinking was caused solely by the thermal softening of the polymer matrix. At 
normalized loads below 50%, failure times were sufficient to allow matrix 
decomposition to take place and, in this occasion, failure is mainly due to both softening 
and pyrolysis. 
(; ) (ii) 
Figure 4.24 Typical compressive failure of polyester laminate exposed to heat flux of 75 kW/m2 and 
compressive stress of 20 MPa. (i) Kinking in the cold face. (ii) Delamination cracking in hot face 
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Figure 4.25 Photograph and schematic of plastic tow kinking of a laminate under compressive 
loading 115,1041 
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Figure 4.26 Comparison of the failure time vs. normalizes compressive stress curve with the 
normalised heat release rate of vinyl ester laminate at 75 kW/m2. The normalised compressive stress 
is the applied compressive stress of the laminate divided by its compressive strength at room 
temperature and the normalised heat release rate is the instantaneous heat HRR divided by the 
peak HRR 
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Figure 4.27 Comparison of the failure time vs normalizes compressive stress curve with the 
normalised heat release rate of poly ester laminate at 75 kW/m2. The normalised compressive stress 
is the applied compressive stress of the laminate divided by its compressive strength at room 
temperature and the normalised heat release rate is the instantaneous heat HRR divided by the 
peak HRR 
4.3.2.3 Thermal forces and moments 
Thermal expansions took place as a result of the exposure to heat, which results in the 
generation of thermal forces and moments. In tensile loading, the thermal expansion is 
directly related to the applied load and heat flux. From Figure 4.28, it can be noticed that 
the higher the applied load, the steeper is the thermal extension curve, which indicates 
more expansion rate. The expansion rate slows rapidly as the applied load decreases. 
This effect is not very clear between 95 MPa and 64 MPa but it is clear between 95 MPa 
and 32 MPa. 
The effect of the compression stress is shown in Figure 4.29. The compression load 
counteracts the axial thermal expansion (tensile force). This effect increases with 
increasing the compressive stress. Eventually the laminate looses its stiffness, which 
resulted from thermal softening and progressive ply failure. 
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Figure 4.28 Effect of tensile loading on the axial displacement of glass vinyl ester composite 
exposed to a heat flux of 75 kW/m2 
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Figure 4.29 Effect of compressive loading on the axial displacement of glass vinyl ester composite 
exposed to a heat flux of 75 kW/m2 
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The thermal forces and moments initiate from the longitudinal expansion and the 
temperature gradient in the through-thickness direction, respectively and they can be 
expressed as follows [23]: - 
h! 2 
NT = JE(T)a(T)AT. dz (4.1) 
-h/2 
h/2 
MT = JE(T)a(T)AT. zdz (4.2) 
h/2 
Figure 4.30 shows the vertical displacement at the centre of the sample's rear face when 
exposed to a constant heat flux 75 kW/m2 and different compressive stresses. The 
sample initially bends out-of-plane towards the heat source (negative displacement) 
because the upper face becomes hotter than the rear face. Due to the fact that the applied 
heat flux was quite high, the thermal expansion of the hot surface increases accordingly 
and results in higher thermal strains. As a consequence, the sample must bend towards 
the heat source. But, due to the decomposition of the sample's hot surface, the bending 
direction changes and moves away from the heat source. 
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Figure 4.30 Out-of plane displacement of glass polyester composite exposed to a heat flux of 75 
kW/m 2 
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It has been demonstrated [125.126] that the term MT in Equation 4.2 is responsible for 
the out of plane response towards or away from the heating source in the case of zero 
load. However, in the loaded condition, three terms interact to produce structural 
equilibrium [126]: - 
MT+Pv+Pe =0 
where: 
(4.3) 
MT is the thermal moment, P is the applied load at the specimen's centre. 
v is the current out-of-plane deformation in either direction and e is the shift in 
neutral axis caused by the asymmetric thermal softening. 
The term, Pv, counts for the increase in out-of-plane deformation either towards the 
heating source or in the opposite direction because the specimen is not concentric with 
applied load direction. The reversal of the sample curvature away from the heating 
source is also due to the effect of the eccentric loading moment, Pe, as a result of the 
larger stiffness loss in the hot side. 
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5.1 Preparation for thermal modelling 
In order to run the thermal model and to predict the thermal response and the remaining 
resin content of the composite material, it was necessary to determine the glass volume 
fraction, and the kinetic thermal degradation parameters such as the pre-exponential 
factor, A, and the activation energy, E, for the resin system using the thermo-gravimetric 
analysis. 
5.1.1 Volume fraction determination 
The methodology described in ASTM D 792-00 standard [107] was used to determine 
the fibre volume fraction, weight fraction and the void content, as shown in Table 5.1, 
following the steps outlined in Section 3.2. 
Table 5.1 Percentage of glass fibre weight fraction (Wf), volume fraction (Vf) and void content 
Composite system Wf (%) Vf (%) Void content (%) 
E-glass / Vinyl ester 64 46 4 
E-glass / Polyester 62 44 2 
5.1.2 Thermo-gravimetric Analysis (TGA) 
The TGA test data is usually obtained in the form of remaining mass (mg) as a function 
of time (s) and temperature (°C) in order to study the decomposition processes of fibre 
reinforced plastic composites. The normalized experimental mass loss curves (relative 
mass m/m°) for vinyl ester and polyester resins at two different heating rates are shown 
in Figure 5.1 & Figure 2.2, respectively as function of temperature. The fibre mass for 
each resin system was subtracted from the composite mass and therefore only the resin 
mass has been shown in each graph. It can be observed that for vinyl ester the resin 
started to decompose at 420°C at 25°C/min heating rate and was at slightly higher 
temperature at heating rate of 40°C/min. In the case of polyester resin the decomposition 
temperature started at 370°C for 25°C/min heating rate and also was slightly higher at 
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40°C/min heating rate. Above the start of decomposition temperature, the resins rapidly 
decomposed in an endothermic process that is dominated by random chain scission of 
the polymeric chain leaving approximately 2-4% of the mass as a residual char [30, 
127]. This is because at this stage styrene and other volatiles are released. Both curves 
for the two resins have the same shape, with the exception that the vinyl ester curve is 
slightly steeper than polyester, which means that vinyl ester has a faster decomposition 
rate over a narrower temperature range. This behaviour results in higher rate factor (A), 
and higher activation energy (E). Also, increasing the heating rate resulted in a shift in 
the decomposition temperature for both cases. 
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Figure 5.1 TGA test for vinyl ester rein using two heating rates 25°C/min and 40°C/min 
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Figure 5.2 TGA test for polyester rein using two heating rates 25°C/min and 40°C/min 
Arrhenius equation was used to model the resin decomposition reaction of fibre 
reinforced polymers [11,128]. 
am nL 
=_A. M 
M-Mf 
e 
(RT 
(5.1) 
at MO 
where: 
am 
is the rate of mass change (kg/s), 
at 
A is the rate constant (1/s), 
M0, M and Mf are the original, instantaneous and final mass of the polymeric 
resin, respectively (kg), 
E is the activation energy (J/kgmol), 
R is the universal gas constant (8.3 14 J/mol. K) 
T is the temperature (K), 
n is the order of the reaction. 
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The mass in Equation 5.1, M, can be replaced by it, =M, and Equation 5.1 is M. 
reduced to: 
c= 
-A(w - itýr )n e(-F_ 
l RT) (5.2) 
at 
Equation 5.2 can be transformed into the following form to make the integration easy: 
äw aT 
_ _A(w - wf)e(-EiRT) ' or aT at 
dw A 
e(-EIR! )dT 
(w-wf)" HR 
Where, HR = (aT / at) denotes the heating rate of the reaction. 
(5.3) 
Equation 5.3 can be integrated to give an explicit function w= w(T), which is similar to 
the data format obtained from TGA analysis: at To, the weight fraction is 1 and at any 
instantaneous temperature T, the weight fraction is w. The integration depends on the 
value of n: 
v il 
-TA 
ýe-EiRT Jw-wf 
HR 1 T0 
I dw T 
or 
A (eRT»T Jww _ 
HR 
ý 
w Tp 
For n=1, which is commonly used for this type of resins, the integration leads to: 
(5.4) 
TA 
[_(e1RTIr] 
In 
R 1-wýT 
w(T)=w+(1-wf)e° (5.5) 
w-w 
.i 
TO 
ý`" 
Feih S. [129] used the following forms of approximation to implement the exponential 
integral G(T). 
2T 
G(T) =TA 
(e-E/RT »T ATT (e-E/RT ýT 
=ATR e-A/RT T 
HR HR l. Tm HR E TO To 
(5.6) 
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AATA11 h_ R7", +1 
_, 
HR HR 
i 
Tme HR T,,, e El(RTn, )+1 
where: T, n, is the temperature of the maximum decomposition rate (loss rate) and it has 
to be evaluated from the experimental data sets by plotting dw/dT as shown in Figure 5.3 
and Figure 5.4. 
From the experimental data, the derivative dw/dT can be determined as it is shown in 
Table 5.2. 
Table 5.2 Values of T. and (dw/d7), derived from experimental data for vinyl ester and polyester 
resins at the specified heating rates 
HR Vinyl ester Polyester 
(°C/min) T°, (°K) (dw/dT),,, (°K) Tr (°K) (ativ/dT),,, (°K ) 
25 725 0.01769 703.3 0.01421 
40 750 0.01643 713.3 0.01457 
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Figure 5.3 The derivative dW/dT for vinylester resin against temperature at 25 C/min and 40 
C/min heating rates 
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Figure 5.4 The derivative dW/dT against temperature for polyester resin at 25 °C/min and 40 
°C/min heating rates 
Gnuplot [130] software has been used to achieve this. It allows fitting the data 
independently or simultaneously using multi-branch fitting. The main inputs to the 
model are the different heating rates HR1 and HR2, and the values of maximum 
decomposition temperatures T,,, and T, n2. The starting values for, A, and, E, for both 
vinyl ester and polyester were chosen based on previous literature values [35]. The two 
functions are simultaneously fitted to the two heating rates' data sets. The resulted 
values from the multi-branch fittings are listed below in Table 5.3. The input file 
example is shown in the Appendix. 
Table 5.3 Simultaneous fitted parameters for vinyl ester and polyester resins using a multi-branch 
fitting option 
Vinyl ester Polyester 
A (1 /s) E [(J/(K mol)] A (1 /s) E [(J/(K mol)] 
Multi-branch fitting 1x 10 12 192861 ]-loll 160386 
Figure 5.5 and Figure 5.6 show comparisons between the measured and modelled mass 
loss curves for the two laminate systems 
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Figure 5.5 Measured and modelled mass loss curves for vinyl ester at 25°C/min and 40°C/min. The 
solid line is the measured curves and the dashed line is the modelled curves 
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Figure 5.6 Measured and modelled mass loss curves for polyester at 25°C/min and 40°C/min. The 
solid line is the measured curves and the dashed line is the modelled curves 
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5.2 Thermal model 
The main predictions made by the thermal model (Equation 2.10), which were described 
in detail in Chapter 2, are the temperature and the residual resin content (RRC) profiles 
through the thickness of composite laminates. These profiles were employed to model 
the fire resistance of composite laminate systems. Before doing this, the accuracy of the 
temperature profiles were tested by comparing them with some measured profiles at the 
same depth points. Figure 5.7 (i) and (ii) show these comparisons. 
It is believed that if the modelled temperature profile is within 10°C of the measured 
profile, especially for the first 300 seconds, then the model accuracy can be considered 
as sufficient for mechanical modelling [35]. In addition, if the modelled TGA curves 
discussed in the previous section and the modelled temperature profiles are accurate 
enough, then it is legitimate to assume that the modelled (RRC) is of a reasonable 
accuracy because of the dependence of the resin decomposition on the temperature. 
Mouritz and Mathys [1,2] validated the RRC prediction of the thermal model by 
visually inspecting composite laminates subjected to fire for a given exposure time. 
The hot face field temperature was measured using a type (k) metallic thermocouple and 
the temperature in the other positions was measured using a type (k) normal 
thermocouples. From Figure 5.7 (i) and (ii), it can be seen that at 3.5mm below the hot 
surface, the discrepancy between the measured and modelled profiles started at around 
200 seconds, which was mainly due to the detachment of thermocouple from the 
specimen as the resin decomposed. The temperature of the hot face was approximated 
by measuring the field temperature (TS) at about 5mm above the hot surface. 
The responses of the three profiles shown in Figure 5.7 (i) and (ii) for glass vinyl ester 
and polyester laminates were nearly the same. This behaviour was expected as both 
systems have similar glass volume fractions and physical structure. 
Figure 5.8 and Figure 5.9 show the modelled temperature and residual resin content 
profiles for glass/vinyl ester and glass/polyester composites, respectively, at constant 
heat flux of 75 kW/m2. 
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Figure 5.7 Measured (dashed line), and modelled (continuous line) temperature profiles at field 
temperature (Ts), 3.5mm below the hot face and at the cold face for (i) an 11.8mm glass/vinyl ester, 
and (ii) a 11.6mm glass/polyester. The applied heat flux was 50 kW/m2 
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Figure 5.8 Thermal model output for the case of 11.8 mm thick glass/vinyl ester laminate. 
Predictions are shown for a one-sided heat flux of 75 kW/m2, with rear face insulated. (i) 
Temperature profile through the laminate thickness. (ii) Residual resin content (RRC) as % 
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Figure 5.9 Thermal model output for the case of 11.6 mm thick glass/polyester laminate. 
Predictions are shown for a one-sided heat flux of 75 kW/m2, with rear face insulated. (i) 
Temperature profile through the laminate thickness. (ii) Residual resin content (RRC) as % 
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5.3 Effect of mass flux on the hot face at flashover 
The thermal model has been upgraded, for the first time, to study the effect of gas flow 
rate from the cold to the hot side of the laminate on the total energy at the hot face. This 
is because the actual net heat flux on the hot face at flashover is no longer constant. A 
new version of the thermal model was produced to consider these new changes. This 
novel approach resulted in very good prediction of fire reaction properties of composite 
laminates. 
q=q0±kMg (5.8) 
Knowing that, qo = 6((., a. ) 4- EmTk4 
)+hnc (TSB 
- Tc) (5.9) 
Where: - 
q= heat flux into the hot face of the sample (W/m2); 
q. = original heat flux without the effect of gaseous mass flow rate (W/m2); 
k= constant depends on the resin type and probably heat flux also; 
Mg = gas mass flow rate towards the hot face (kg/m2s); 
TS, = surrounding temperature of heating source (°C); 
TT = temperature on hot face of the sample (°C); 
TS = surrounding temperature of heating source (°K); 
Tk= temperature on hot face of the sample (°K); 
h, zC = heat transfer coefficient through natural convection (W/m2/C); 
eS = emissivity of heating source (-); 
am = absorptivity of the HF material of the sample (-); 
c, n = emissivity of the HF material of the sample (-); 
Q= Stefan-Boltzmann constant (56.7 x 10 -12 W/m2/K4). 
The second term in Equation 5.8 accounts for the mass flow rate towards the hot surface 
and the first and second terms in Equation 5.9 are the radiation and natural convection 
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effects, respectively. They represent the thermal interaction between the heating source 
and the hot face of the composite. 
It has been reported that at the onset of ignition, the applied incident heat flux is 
increased by 15 kW/m2 [ 112,131 ]. This increase in incident heat flux will result in an 
increase in the material's hot face temperature due to the flame feed back on the surface. 
Figure 5.10 compares the measured temperature profile in the vicinity of the hot face 
and the modelled temperature profiles using a value for "k" for glass vinyl ester 
composite at 75 kW/m2. Table 5.4 show different values for "k" for both resin systems at 
50 and 75 kW/m2, which represent the effects due to the gas flow rates at flashover. 
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Figure 5.10 The measured and modelled field temperature profiles for glass vinyl ester composite 
at 75 kW/m2 
Table 5.4 Values for the constant "k" to count for the gas flow effects 
Composite Heat Flux (kW/m`) Value of "k" 
Glass Vinyl ester 
50 2E06 
75 3E05 
50 1E06 
Glass polyester 75 4E05 
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5.4 Fire reaction modelling 
5.4.1 Mass loss 
Mass loss reflects the decomposition behaviour of composites in fire. Therefore, 
modelling the amount of decomposition is an important factor in calculating the loss in 
load capacity and the time-to-failure. The thermal model has been employed to model 
the mass loss, and this was compared to the actual mass loss measured by the cone 
calorimeter. The predicted mass flux of the gaseous flow from the cold to the hot side of 
the laminate during fire exposure has been used to calculate the remaining mass against 
time. 
The measured and modelled mass loss behaviour of woven glass vinyl ester and 
polyester composites at constant heat flux of 50 and 75 kW/m2 is shown in Figure 5.11- 
Figure 5.14. Good agreement was found. 
Initially, the composite experiences no loss in mass when exposed to fire, because the 
material has not reached the decomposition reaction temperature of the polymer matrix. 
The model is capable of describing this initial delay with a reasonable accuracy. It can 
be seen that at times around 500 seconds, the model starts to slightly overestimating the 
mass loss. At this stage, most of the polymer matrix has degraded to char and only a 
small region of composite near the back-face remains undamaged by fire. It is thought 
that, the model at this stage did not precisely calculate the thermal insulation provided 
by the char surface layer to the underlying composite material, therefore calculating a 
little higher mass loss. Also, the carbonaceous char residue is modelled as a void and its 
contribution to the overall thermal conductivity is not considered. In fact, the thermal 
conductivity within the char region approaches that of the reinforcing fibers as the 
burning proceeds. 
It is important to point out that the mass loss rate is not constant and this is because mass 
loss is affected by several thermal processes that change with time, including ignition, 
combustion, char formation and the transition from thermally thick to thermally thin 
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behaviour. A thermally thick material ensures that ignition takes place before the 
thermal wave has reached the back surface. 
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Figure 5.11 Modelled and measured mass loss of the woven glass vinyl ester composite at heat flux 
of 50 kW/m2 
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Figure 5.12 Modelled and measured mass loss of the woven glass vinyl ester composite at heat flux 
of 75 kW/m2 
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Figure 5.13 Modelled and measured mass loss of the woven glass polyester composite at heat flux 
of 50 kW/m2 
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Figure 5.14 Modelled and measured mass loss of the woven glass polyester composite at heat flux 
of 75 kW/m 2 
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5.4.2 Heat release rate 
The heat release rate is the liberated heat during the combustion of hydrocarbon 
volatiles. Modelling heat release rate is based on the definition that it equals the mass 
loss rate (mass flux) of the material multiplied by its average effective heat of 
combustion for a specified time period [64], which can be obtained from cone 
calorimeter testing. Table 4.4 shows the average effective heat of combustion values 
used for modelling. 
Once again, the thermal model [5] was used, after a minor rectification and the 
incorporation of gas flow effects into the energy inputs of the hot face of the sample, to 
model the heat release rate as shown in Figure 5.15 to 5.18 using the calculated mass 
flux values. 
By considering mass conservation over the finite difference element in the through- 
thickness direction, the following equation may be considered: 
a apcom 
äx Mg at 
where: 
Mg is the gaseous mass flux, or is the rate of gaseous mass flow. 
apcom is the density of the composite material. 
(5.10) 
Therefore, the gaseous mass flux, Mg at any position, x, and at any time, t, can be 
calculated by integrating the rate of density change over the sample thickness: 
ýza 
Mg 
fv 
(Pcom 
coldface 
a1 
(5.11) 
The heat release rate graphs show that the thermal response of these two materials 
changes w -ith exposure time. The initial spike in heat release rate is due to the rapid 
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decomposition of resin rich surface layer. After this, a steady decrease is observed. 
which probably occurs as a result of the increase in thermal insulation provided by the 
growth of a char surface layer. Then another increase in heat release occurs and this is 
believed to happen because of the increase in decomposition reaction rate as the 
materials' behaviour change from thermally thick to thermally thin. 
It can be concluded that the thermal model is able to capture, with good accuracy, 
different oscillations of heat release rate resulting from the change of thermal response 
with time. The precision in modelling the peak heat release rate value was improved 
compared with the published heat release rate models [131,132]. Again there is a little 
disagreement, especially in modelling the second peak heat release rate due to the fact 
that the model did not consider the change in behaviour from thermally thick to 
thermally thin. Also, the uncertainties bout thermal and transport properties affect the 
modelling results. 
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Figure 5.15 Modelled and measured heat release rate of the woven glass vinyl ester composite at 
heat flux of 50 kW/m2 
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Figure 5.16 Modelled and measured heat release rate of the woven glass vinyl ester composite at a 
heat flux of 75 kW/m2 
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Figure 5.17 Modelled and measured heat release rate of the woven glass polyester composite at a 
heat flux of 50 kW/m2 
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Figure 5.18 Modelled and measured heat release rate of the woven glass polyester composite at 
heat flux of 75 kW/m2 
Generally, the slight difference between the experimental and modelled heat release rate 
for the rest of profiles can be attributed to the uncertainties of the material thermal and 
transport properties, which are the main modelling inputs. However, the agreement is 
very good for the total heat release as it shown in Figure 5.19 to 5.23. 
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Figure 5.19 Measured and modeled total heat release of glass vinyl ester composite at a constant 
heat flux of 50 kW/m2 
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Figure 5.20 Measured and modeled total heat release of glass vinyl ester composite at a constant 
heat flux of 75 kW/m2 
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Figure 5.21 Measured and modeled total heat release of glass polyester composite at a constant 
heat flux of 50 kW/m2 
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Figure 5.22 Measured and modeled total heat release of glass polyester composite at a constant 
heat flux of 75 kW/m2 
5.4.3 Time-to-ignition 
It has been found in the literature that the mass flux at sustained ignition of fibre glass 
reinforced composites is z 4-5 g/m2s [25] and this was independent of the resin type. 
General agreement with this result was made by other researchers [29,133]. In this 
study the thermal model [5] has been employed to model the time to ignition. This was 
achieved by firstly determining the critical mass loss rate of the composite at the onset of 
sustained ignition when experimentally exposed to fire, which is found to be 4 g/m2s, 
approximately, and then relating this mass loss rate to the corresponding time from the 
model output file. This is because the concentration of flammable volatiles required to 
initiate ignition is mainly controlled by mass loss rate. 
Lattimer [1311 modelled the time-to ignition by predicting the mass loss rate of the 
material for every time step and then determining the potential heat release rate of the 
material using the heat of decomposition. This potential heat release rate was related to 
the fire point. If it is greater than the fire point, it was assumed that ignition would occur, 
otherwise not. Lyon [ 134] defined the fire point as the critical heat release rate at 
sustained ignition and demonstrated that it was 66±17 kW/m2. 
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Following this approach and using the thermal model (com_fire), we found that the 
predictions were slightly lower than the ones obtained using the output of the thermal 
model explained above. This is because Lattimer used the lower end of the range (50 
kW/m2) in order to be more conservative in determining the time-to-ignition. 
Table 5.5 shows the predicted and measured values for the time-to-ignition for both 
resin systems. 
Table 5.5 Time-to-ignition values for fibre reinforced polyester and fibre reinforced vinyl ester at 
50 & 75 kW/m2 
flame-out time (min. ) 
50 kW/m2 
flame-out time (min. ) 
75 kW/m2 
Modelled Modelled* Experiment Modelled Modelled* Experiment 
al al 
Glass Polyester 42 36 39 19 17 17 
Glass vinyl ester 51 43 46 22 19 18 
* Modelled using the critical heat release value. 
Table 5.6 below summarizes the measured and modelled values of the main fire reaction 
properties. A reasonable agreement between these values can be observed. 
Table 5.6 Comparison of the measured and modelled fire reaction properties for fibre reinforced 
vinyl ester and polyester composites at constant heat flux of 50 & 75 kW/m2 
Glass reinforced vinyl ester Glass reinforced polyester 
50 kW/m2 75 kW/m2 50 kW/m2 75 kW/m2 
Measured Modelled Measured Modelled Measured Modelled Measured Modelled 
Time-to- 
ignition (s) 46 51 18 22 39 42 17 19 
AH RR(3oos) 
(kW/m2) 145 151 183 187 140 156 182 200 
PH RR(3) 
(kW/m2) 249 250 296 299 269 253 330 331 
Time-to- 
PHRR (s) 65 73 35 36 65 75 40 38 
AMLR 
(g/s) 0.053 0.061 0.075 0.084 0.051 0.057 0.075 0.085 
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5.5 Fire resistance modeling 
The output of the thermal model, temperature profile and residual resin content, coupled 
with the material temperature dependent properties using the transition fitting 
relationship allowed modelling time-to-failure for glass polyester and vinyl ester 
composites. This approach is based on two assumptions. The first assumption is that the 
laminate is evenly heated at a constant radiant heat flux. The second assumption is that 
the applied tensile and compression loads are applied evenly in the axial (lengthwise) 
direction. Hence, this system can be considered as one dimensional whose temperature 
and strength differ through the laminate thickness. 
Thermal 
model 
T 
Mechanical 
properties as a 
function of 
temperature 
Transition 
fitting 
relationship 
Figure 5.23 Mechanical response model 
5.5.1 Temperature dependent properties 
Mechanical 
response in 
fire 
In order to study the mechanical behaviour of composite laminates in fire, it was useful 
to express different mechanical properties as a function of temperature. The data used in 
this research was obtained from the previous test results made by previous researchers 
[ 15,35,106]. Summary of the materials' properties are provided below in Table 5.7 and 
Table 5.8. 
R 
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Table 5.7 Polyester parameters: A summary of the relevant parameters required for modelling the 
temperature dependent properties of glass/polyester laminates 1351 
PU PR k T' 
6c 250 MPa 23 MPa 0.025 70°C 
QT 330 MPa 150 MPa 0.033 70°C 
Table 5.8 Vinyl ester parameters: A summary of the relevant parameters required for modelling 
the temperature dependent properties of glass/vinyl ester laminates [351 
Pu PR k T' 
cc 260 MPa 24 MPa 0.035 83°C 
QT 375 MPa 170 MPa 0.03 103°C 
Where: a, refers to the modelled compressive strength. 
aT refers to the modelled tensile strength. 
Pu and PR are the un-relaxed property value at room temperature and the relaxed 
value at elevated temperature, respectively. 
k is a constant describing the temperature range across which softening occurs. 
T' is is the mechanically determined glass transition temperature around which 
fall in property value occurs (often similar in value to Tg). 
The hyperbolic tank function (Equation 2.2) was used to fit the relationship between the 
mechanical property and temperature cross the transition region. 
5.5.2 Modelling time-to-failure 
In most cases, fire resistance is quantified as the time by which an element can meet 
certain failure criteria during exposure to fire [74]. The first step in predicting time-to 
failure under tensile and compressive loading was to determine temperature profile and 
the residual resin content through the laminate thickness. The next step was to calculate 
the tensile or compressive strength at each point through the thickness for every time 
step. Equation 2.2 was deployed to achieve this using the property data as a function of 
temperature outlined in Table 5.7 and Table 5.8. 
The bulk strength was obtained by averaging the residual strengths through the laminate 
thickness using Simpson's rule [135]. The time component came from the thermal 
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model (Equation 2.10) to allow the prediction of failure time. The time to failure is the 
time taken for the residual strength of the composite laminate to become equal to the 
applied stress where failure must occur. Tensile strength is not affected by RRC. In 
tensile loading the value of "n" in Equation 2.6 is considered to be of zero, whereas, in 
compressive loading the value of "n" is assumed to be one [19,106]. This is because 
when the resin has decomposed at high temperatures, the tensile stress is supported 
solely by the glass fibres. The resin has a negligible tensile strength compared to the 
fibres, and so the RRC is not included in the function. Simultaneous failure of all the 
plies was assumed in this model. With the used averaging method, it was assumed that 
the sample failed unstably with all the plies collapsing at the same time. This has led to 
slight underestimation of the failure load when using the thermal-mechanical model. 
Figure 5.24 and Figure 5.25 show the measured and modelled tensile strength against 
time-to-failure for fibre glass polyester and vinyl ester, respectively. 
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Figure 5.24 Comparison of the predicted (solid line) and measured (data points), time-to-failure for 
the glass/Polyester laminate under tensile loading and heat flux of 75 kW/m2 
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Figure 5.25 Comparison of the predicted (solid line) and measured (data points), time-to-failure for 
the glass/Vinyl ester laminate under tensile loading and heat flux of 75 kW/m2 
Regarding the compressive failure previous researchers [35,36] tested composite 
samples using constrained compression test apparatus and found that the specimens 
failed at slightly lower compressive failure stresses. They believed that although the jig 
limited Euler buckling, it still permitted a degree of local buckling. This phenomenon is 
also observed in our results despite the use of relatively short rectangular samples 
(200mm lengthx 100mm widthx 12mm thickness) and the provision of insert slots in the 
compression jig. One other reason could be due to the architecture of the laminate 
(woven roving), which has resin rich layers. The resistance to buckling in these regions 
is less than the rest, and this may initiate a compressive failure. In addition, the existence 
of voids and fibres' undulation could have a major pronounced effect [38]. As a 
consequence, all this would lead to deterioration of compressive strength. The thermal- 
mechanical model did not take these factors in consideration and therefore calculated 
higher times to failure as shown in Figure 5.26 and Figure 5.27. 
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Figure 5.26 Comparison of the predicted (solid line) and measured (data points), time-to-failure for 
the glass/Polyester laminate under Compressive loading and heat flux of 75 kW/m2 
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Figure 5.27 Comparison of the predicted (solid line) and measured (data points), time-to-failure for 
the glass/vinyl ester laminate under Compressive loading and heat flux of 75 kW/m2 
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5.5.3 Prediction of flame-out time 
The time taken to stop all signs of flaming combustion is one of the properties required 
to assess the integrity of fibre reinforced polymers. In this thesis the flame-out is defined 
by the heating time taken to degrade the whole resin content into volatiles and 
carbonaceous char. Experimentally it was determined by measuring the time of flame 
out during cone calorimeter testing. Due to the difficulty in estimating the flame-out 
time using the thermal model, it was approximated by considering the time taken to 
bring the remaining resin content (RRC) to 2% and 4% for polyester and vinyl ester 
resins, respectively. These values were based on thermogravimetric analysis results 
(TGA) mentioned before. This assumption has led to slight overestimation of the 
calculated burning times because the composite might have stopped burning well before 
the time required to reach the above mentioned resin values due to the difference in 
degradation conditions and also due to the influence of char formation. 
Flame-out time values were also calculated based on the concept of critical heat release 
rate value (50 kW/m2) [131,134]. Good agreement was found. 
Table 5.9 shows the calculated and measured flame-out times for glass polyester and 
vinyl ester composites at constant heat fluxes of 50 kW/m` and 75 kW/m2. 
Table 5.9 Flame-out times for fibre reinforced polyester and fibre reinforced vinyl ester at 50 & 75 
kW/m2 
flame-out time (min. ) flame-out time (min. ) 
50 kW/m2 75 kW/m2 
Modelled Modelled* Expeariment Modelled Modelled* Experiment 
a 
Glass Polyester 20 16 15 16 16 15 
Glass vinyl ester 20 13 17 15 14 14 
* Modelled using the critical heat release value. 
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6.1 Fire reaction measurements 
Fire reaction measurement using the cone calorimeter (ASTM E1354 and ISO 5660) is a 
very useful tool to characterize, classify and model fibre reinforced composites. It 
provides an indication on how the material behaves in real fires. Therefore, flammability 
assessment is an essential requirement for product selection and development. 
6.2 Fire reaction properties as function of stress 
A loading frame fitted to the cone calorimeter allowed 100mm x 30mm rectangular 
glass vinyl ester and polyester laminate samples to be tested under tension and 
compression, while being exposed to a constant heat flux. 
It was found that there was a small but significant effect of stress on the fire reaction 
properties; heat release and smoke generation. Tensile stress increased heat release and 
smoke generation peaks, whereas compressive stress had the opposite effect. Tensile 
stress also shortened the time-to-ignition, with compressive stress having the opposite 
effect. The effect was attributed to an increased tendency for cracks to form when the 
laminate was subjected to tension, the opposite being true for compression. 
The crack formation hypothesis is further supported by the observation that applied 
stress has the greatest effect on the early heat and smoke release peaks, with a lower 
effect on the final `run-out' values. 
6.3 Fire under load tests 
Experimental fire under load tests revealed that the time-to-failure of the laminate 
decreases with increasing the applied load or heat flux. The failure times of compressive 
loading are much shorter, by approximately an order of magnitude, than for tensile 
loading. This is because compressive failure is dependent on thermal softening and 
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pyrolysis of the matrix, which results in plastic kinking of fibre tows. The same finding 
has been established by previous researchers who studied the mechanism of composites 
compressive failure [35,123-125]. Delamination cracks between layers near the hot 
surface propagate through the laminate with time. The delaminated plies have little 
capacity to carry the applied load, which leads to the transmission of this load to the 
underlying layers that were free of cracks. This conclusion explains the sudden and 
catastrophic nature of the compressive failure of fibre reinforced polymers. Tensile 
failure on the other hand, depends on the decomposition of the matrix and premature 
failure of the fibres, which occurs at higher temperatures. This indicates that fibre 
reinforced polymers retain a considerable residual tensile strength even when exposed to 
high temperature untill the applied stress is higher than the retained tensile strength. It is 
believed that stress corrosion on the surface of glass fibres was behind the deterioration 
of their strength. This mechanism is not fully understood, but the presence of water in 
the air may provide an aqueous environment required to initiate this process. 
It is shown that composites laminates elongate and bend due to thermal forces 
(expansion) and thermal moments (bending). The amount of elongation and degree of 
bending are dependent on the level of heat flux, applied load and time of exposure. 
6.4 Modelling 
The thermal model was used to model the major fire reaction properties such as time-to- 
ignition, heat release rate, mass loss rate and flame-out time to simulate the response of 
the cone calorimeter at constant heat flux. Good agreement was obtained. 
The output of the thermal model, especially temperature profile and residual resin 
content, combined with temperature dependent properties were used to construct ply 
constitutive equations and hence, predict the reduction to mechanical properties and also 
the time-to-failure of the laminates under tension or compression loads. The predictions 
were found to be reasonably accurate. 
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7.1 Thermal model 
A library comprising data files on the change in thermal properties such as thermal 
conductivity and specific heat as function of temperature is required. This data needs to 
be incorporated into the existing thermal model to predict the thermal response of 
laminates and sandwich composite materials in fire more accurately. 
Also, it is known that during the decomposition of the composite, delamination cracks 
are generated. This effect and its consequences on the total energy and on the general 
integrity of the composite have to be considered in the thermal model by finding a 
suitable criterion to represent it and then include it in the governing equation. 
7.2 Fire protection techniques 
There is a need to consider the modelling of different fire protection systems, which 
have been developed to reduce the effects of high heat flux on the composite structure. 
The main drawback of the standard fire protection systems such as paints and 
intumescent coatings when applied to loaded structures is their tendency to fracture. 
However, metal protection layers can maintain their integrity when subjected to high 
heat fluxes and loads. The transmission of temperature from the metallic layer to the 
underlying material can be compensated by low thermal conductivity and endothermic 
decomposition of matrix, which in turn reduce the transfer of heat through the composite 
thickness. 
7.3 Equipment modification 
It would be very useful to remove the pillars, which support the radiant heater in the 
cone calorimeter and provide an alternative support arrangement in consultation with the 
equipment manufacturer. This modification will enable the measurement of fire reaction 
properties as function of in-plane loads for samples with standard dimensions. 
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7.4 Heat flux measurement 
In order to test the accuracy of thermal model predictions for the net heat flux on the hot 
face of the composite laminate. There is a need to identify or develop a proper 
measuring instrument suitable for this type of material, especially to cope with the 
decomposition products like char. 
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Appendix 
1 Fitting with Gnuplot, Multi-branch fitting procedure 
#Functions to be fitted (two different heating rates) Tm I -Tm2 and HR-HR2, var I and 
var2. 
fl (x)=wf+(100 - wf)*(exp(-((varl)/HR1)*((exp(1)*Tm 1)/(var2/(R*Tm 1) + 
1))*((x/(exp(1)*Tml))**(var2/(R*Tml) + 1) - (T0/(exp(1)*Tml))**(var2/(R*Tml) + 
1)))) 
f2(x)=wf+(100 - wf)*(exp(-((varl)/HR2)*((exp(I)*Tm2)/(var2/(R*Tm2) + 
1))*((x/(exp(1)*Tm2))**(var2/(R*Tm2) + 1) - (T0/(exp(1)*Tm2))**(var2/(R*Tm2) + 
1)))) 
FIT_LIMIT = le-9 
#Final resin content - FIXED 
#Needs to be adjusted according to experimental data 
wf=4.2 
#Room temperature in Kelvin 
TO=273.0 
#Gas constant 
R=8.3143 
#Experimental heating rates (in C/sec) 
#25C/min, 40C/min 
HR 1=0.4166 
H R2=0.6667 
#Temperature at which fastest mass loss occurs. 
#Needs to be adjusted according to experimental data 
Tm 1=723 
Tm2=750 
#Starting values. Can most likely remain for common resin systems 
van l =9e10 
var2 = 1.8e5 
#Fit function. y is a dummy variable determining which data set to use (see Gnuplot 
help). 
h(x, y) = (y == 0) ?fl (x) : ((y== l) ? f2(x) : f3(x)) 
fit [500: 850] h(x, y) 'TGA DATA. txt' using via van l, var2 
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2 Thermal properties data for glass vinyl ester and glass polyester 
composites 
Property Glass vinyl ester Glass polyester 
Value Method Value Method 
Volume fraction, Vf 0.456 
Rate constant, A (1/s) 1 X1012 
Burn off test 0.437 Burn off test 
TGA lx1010 TGA 
Activation energy, E (J/mol) 1.93x 105 TGA 1.61 X 105 TGA 
Remaining resin mass fraction, 4 TGA 2 TGA 
mf(%) 
Specific heat, Cpe-glass (J/kg. K) 760 Literature [5] 760 Literature [5] 
Specific heat resin, Cpresin 1800 Literature [5] 1600 Literature [5] (J/kg. K) 
Specific heat gas, Cpgas (J/kg. K) 2386.5 Literature [5] 2386.5 Literature [5] 
Thermal conductivity, ke-glass 1 09 Literature 1.09 
Literature 
(W/m K) . [15] [15] 
Thermal conductivity composite, 0.43 Rule of 0.43 
Rule of 
k (W/m K) mixture mixture 
cm3 Density glass, p iass (g/ ) 2.54 
Literature 2.54 
Literature 
g [44] [44] 
Density resin, Presin (kg/m3) 1120 Manufacturer 1200 Manufacturer 
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3 Engineering drawing of the small scale testing rig 
A(0.30: 1) 
B (0.30: 1) ITEM 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Parts List 
TY PART NUMBER DESCRIPTION 
1 Botom Plate 
2 Bars 
2 Grip Comp 
1 cen plate 
1 rod 
1 Top Plate2 
2 grip ten 
1 M33 Hex Nut 
2 wedge 
1 IS 3640 - M33 x 110 Hexagon Fit Screw 
1 rod end part 
2 ISO 2341- A- 40 x 120 Clevis pin 
°rii, i 
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